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1. TOPICS IN STEREOCHEMISTRY 
Volume 7
Edited by Norman L. Allinger, U n iv e r s i ty  o f  
G e o rg ia  and Ernest L. Eliel, U n iv e r s i ty  o f  
N o r th  C a ro lin a

CONTENTS
Some C hem ical A pp lica tions of the 
N uclear O verhauser E ffect—

R. A . B e l l  a n d  J .  K . S a u n d e rs .  S tereochem 
ica l Aspects o f the Synthesis of 1, 2- Epoxides— 
G ia n c a r lo  B e r t i .  The E lectron ic  S tructu re  and 
S tereochem istry  of S im ple C arbonium  Ions—V o l-  
k e r  B u s s , P a u l v o n  R . S c h le y e r ,  a n d  L e la n d  C. 
A lle n .  Fast Isom erizations about Double Bonds— 
H a n s -O tto  K a l in o w s k i  a n d  H o rs t  K e s s le r . S ub ject 
Index. C um ulative  Index, Volum es 1-7.
1973 397 pages $17.50

2. ORGANIC SYNTHESES 
Volume 52
Edited by Herbert O. House, G e o rg ia  In s t itu te  
o f  T e c h n o lo g y

This vo lum e o f O rg a n ic  S y n th e s e s  continues the 
po licy  o f recent volum es in th is  series to  em pha
size deta iled  descrip tions tha t can serve as model 
e x p e r im e n ta l p ro c e d u re s  fo r  u s e fu l s y n th e t ic  
methods. A num ber o f procedures fo r the synthe
sis o f sp e c ific  reagents o f specia l in terest are 
a lso included. A sizab le  frac tion  o f the model 
experim enta l procedures were chosen to illus tra te  
an inc reas ing ly  im portan t g roup  o f synthetic  
m ethods tha t u tilize  o rganom eta llic  com pounds 
as reactants or as in term ediates.

A SAMPLE OF THE CONTENTS
2-A cety lcyc lopentane-1,3-D ione. A ldehydes from  
P rim ary A lcoho ls  by O xidation w ith Chrom ium  
T riox ide : 1-Heptanal. The Form ation and A lky la 
t io n  o f S p e c if ic  E n o la te  A n io n s  fro m  an Un- 
sym m etrica l Ketone: 2 -B enzyl-2-M ethyl-C yclo-
hexanone and 2-B enzyl-6M ethylcyclohexanone. 
H ydrobora tion  o f O le fins: ( +  )-lsop inocam pheo l. 
P reparation o f Cyano Com pounds Using A lky la- 
lum inum  Interm ediates. Reaction of A ry l Halides 
w ith  jt-A !ly ln icke l Halides: M ethallylbenzene.
1972 177 pages $9.50

3. CARBENES Volume 1
E dited by Maitland Jones, Jr., P r in c e to n  U n iv e r 
s i ty ,  and Robert A. Moss, R u tg e rs  U n iv e rs ity  

A  vo lum e In Reactive In term ediates in O rganic 
C hem istry, ed ited  by G eorge A. Olah 
C a rb e n e s  is an up-to -date  co llec tion  o f the m eth
ods o f fo rm ation, properties, and modes of reac
tion  o f carbenes.

CONTENTS
Carbenes from  Diazo Com pounds— W . J . B a ro n ,
M . R . D e C a m p ,  M . E . H e n d r ic k ,  M . J o n e s ,  J r . ,  
R . H . L e v in ,  a n d  M . B . S o h n . The A pp lica tion  of 
R elative R eactiv ity  S tud ies to the Carbene O lefin 
A dd itio n  Reaction— R o b e r t  A . M o s s . G eneration of. 
C arbenes by P hotochem ica l Cy'cl.oeiim inaticn Re
actions—G. W . G r i f f in  a n d  N . R . B e r to h ie re .

1973 356 pages $24.95

4. ELUCIDATION OF ORGANIC 
STRUCTURES BY PHYSICAL 
AND CHEMICAL METHODS
Second Edition Part II
Edited by K. W, Bentley, R e c k i t t  a n d  C o lm a n  
P h a r m a c e u t ic a l  D iv is io n ,  H u ll,  E n g la n d ,  and G. W. 
Kirby, U n iv e r s ity  o f  T e c h n o lo g y ,  L o u g h b o ro u g h ,  
E n g la n d

Volum e IV in Techn iques o f Chem istry, ed ited by
A. W eissberger

CONTENTS, PART II
D ehydrogenation and Z inc Dust D is tilla tio n —Z. 
V a le n ta .  Reduction M ethods—J. P. C a n d lin  a n d  
R . A . C. R e n n ie . The Fission o f C arbon-C arbon 
Bonds—K . W. B e n t le y .  The F ission o f C arbon-N i
trogen and Carbon-O xygen Bonds—K . W. B e n t le y .  
A lka li Fusion and Some Related Processes—B . C.
L . W e e d o n . Degradation of Po lysaccharides—
G . 0 .  A s p in a l l .  D egradation o f Po lypeptides and 
Prote ins—A n g e lo  F o n ta n a  a n d  E rn e s to  S c o f f  o n e .  
S ub ject Index.
1973 561 pages $27.50

5. ORGANIC SELENIUM 
COMPOUNDS:
Their Chemistry and Biology
Edited by Daniel L. Klayman, W a lte r  R e e d  A rm y
M e d ic a l C e n te r , and Wolfgang H. H. Günther,
X e ro x  C o rp o ra t io n

A volum e in The C hem istry o f O rganom eta llic  
C om pounds: A  Series of M onographs, ed ited by 
D ie tm ar Seyferth
This book fills  the need fo r a c ritica l survey of the 
existing body of know ledge on o rgan ica lly -bound  
selenium . The 35 con tribu tions  by 41 researchers 
provide a com prehensive fram ew ork tha t stresses 
the basic understand ing of selenium  chem istry  
and b io logy, and a llow s fo r the ready assim ila tion  
of fu ture  research results. Am ong the top ics d is 
cussed are nom enclature, elem ental se lenium , het
e ro cyc lic  selenium  com pounds, and selenium  
com pounds in nature and m edicine.
1973 1216 pages $55.00

6. WEYGAND/HILGETAG 
PREPARATIVE ORGANIC 
CHEMISTRY
Edited by G. Hilgetag and A. Martini, b o th  o f  In s t i 
t u t  f ü r  O rg a n is c h e  C h e m ie  d e r  D e u ts c h e  A k a d e m ie  
d e r  W is s e n s c h a f te n  z u  B e r l in

OUTLINE OF CONTENTS
Part A. Reactions on the Intact Carbon Skeleton. 
Part B- Formation of New Carbon-Carbon Bonds. 
Part C. Cleavage of Carbon-Carbon Bonds. Part D. 
Rearrangement of Carbon Compounds.
1972 1181 pages $42.50



7. ORGANIC PHOSPHORUS 
COMPOUNDS 
Volumes 1, 2, 3, and 4
Edited by G. M. Koso lapo ff, A u b u rn  U n iv e rs ity ,  
and Ludw ig M aier, M o n s a n to  R e s e a rc h  S . A .

This new series constitu tes the m ost com prehen
sive, cu rren t treatm ent o f organ ic phosphorus 
com pounds available. Each volum e conta ins a rti
c les by outstand ing sc ien tis ts  in the fie ld , who 
provide de fin itive  coverage o f the m ethods of 
prepara tion  and chem ica l and physica l properties 
of these com pounds. A ll com pounds w hich have 
been properly  iden tified  are listed, along w ith de
ta iled  references to the o rig ina l lite rature . The 
basic chem istry  and the physica l properties of 
the various classes of organ ic phosphorus com 
pounds are also presented.

7a. CONTENTS, VOLUME 1
Primary, Secondary, and T ertia ry  Phosphines—
L. M a ie r  O rganophosphorous-M eta l Compounds, 
B iphosphines, T riphosphines, Tetraphosphines, 
C yclopo lyphosphlnes, and C orresponding Oxides, 
Sulfides, and Selenides—L. M a ie r . Phosphine Com 
plexes w ith M eta ls—G. B o o th .

1972 545 pages $29.95

7b. CONTENTS, VOLUME 2
Phosphite, Phosphonite, and A m inophosphine Com 
plexes— J . G . V e rk a d e  a n d  K . J . C o s k ra n . Q uarter
nary Phosphonium  Com pounds— P e te r  B e c k .

1972 508 pages $29.95

7c. CONTENTS, VOLUME 3
Phosphine A lkylenes and O ther Phosphorus Y lids 
—H . J. B e s tm a n n  a n d  R. Z im m e rm a n n .  Penta- and 
Hexaorganophosphorus Com pounds—D ie te r  H e ll-  
w in k e l.  T ertia ry  Phosphine O xides— H u g h  R. H a y s  
a n d  D o n a ld  J . P e te rs o n .

1972 500 pages $29.95

7d. CONTENTS, VOLUME 4
Tertia ry  Phosphine Sulfides, Selenides, and Tel- 
lu rides — L. M a ie r .  H a lo -  and Pseudohalophos- 
phines— M a n fre d  F i ld  a n d  R e in h a rd  S c h m u tz le r .  
Phosphonyl- (Thiono-, Seleno-) and Phosphinyl- 
(Thiono-, Seleno-) halides and Pseudohalides— 
M a n fre d  F i ld  a n d  R e in h a rd  S c h m u tz le r .  Phos- 
phonous A c id s  (T h io -, S e leno - A n a lo g s ) and 
D erivatives—W . A . F ra n k . Phosphinous A c ids  and 
D eriva tives—! .  A . H a m il to n  a n d  P . S . L a n d is .

1972 531 pages $29.95
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8. CARBONIUM IONS Volume IV
M ajo r Types (C ontinued)
Edited by G eorge A. Olah, Case W e s te rn  R e s e rv e  
U n iv e rs ity ,  and Paul von R. Schleyer, P r in c e to n  
U n iv e r s ity

A volum e in the W iley series on Reactive Inter
mediates in O rgan ic Chem is:ry, ed ited by George
A. Olah

CONTENTS, VOLUME IV
A ry lcarbon ium  Ions—H . H . F re e d m a n .  C yclohep- 
ta trieny lium  (Tropenylium ) ions—K . M . H a rm o n .  
Azacarbon ium  Ions—F. L . S c o t t  a n d  R . N . B u t le r .  
Protonated H eteroa lipha tic  Com pounds —G. A .  
O la h , A . M . W h ite , a n d  D . H . O ’B r ie n .  B ridgehead 
Carbonium  Ions—R. C. F o r t ,  J r . Degenerate Car
bonium  Ions—R . E . L e o n e , J . C . B a rb o ra k ,  a n d  
P. v. R . S c h le y e r .  Sub ject Irdex , Volum e IV.
1973 512 pages $ 2 9 .9 5

9. FREE RADICALS 
Volumes 1 and 2
Edited by Jay K. K och i, In d ia n a  U n iv e rs ity  

Volum es in Reactive Interm ediates in O rganic 
Chem istry, ed ited by George A. Olah

9a. CONTENTS, VOLUME 1
DYNAMICS OF ELEMENTARY PROCESSES. Rate 
Processes in the Gas Phase—J. A l is t a i r  K e r r .  Rate 
Constants fo r Free Radical Reactions in S o lu tion— 
K e ith  U. In g o ld .  The Decom positions o f Peroxides 
and Azoalkanes— T h o m a s  K o e n ig .  “ C age”  E ffects 
— T h o m a s  K o e n ig  a n d  H a n s p e te r  F is c h e r .  D irad i
ca ls : A  Case S tudy o f T rim ethylene— R o b e r t  G. 
B e rg m a n .  C hem ically  Induced Dynam ic N uclear 
P o lariza tion— H a ro ld  R . W a rd . Reactivity, S e lec tiv 
ity, and Polar E ffects in Hydrogen Atom  Transfer 
Reactions— G le n  A . R u s s e ll. Free Radical Re
arrangem ents—James W . W ilt . E lectron Transfer 
Reactions of O rganic An ions—J o h n  F . G a rs t. Bi- 
m olecu la r H om olytlc  Substitu tion  at Metal Centers 
—A lw y n  G . D a v ie s  a n d  B r ia n  P . R o b e r ts . O xida
tion-R eduction  Reactions of Free Radicals and 
Metal C om plexes—J a y  K . K o c h i.  Index.
1973 713 pages $37.50

9b. CONTENTS, VOLUME 2
FREE RADICAL CHAIN REACTIONS. Hom ogen
eous Liquid-Phase A u tox ida tions—J . A n th o n y  H o w 
a r d .  A dd itio n  to  M u ltip le  Bonds—P a u l I. A b e l l .  
Atom -Transfe r and Substitu tion  Reactions—M a r 
v in  L . P o u ts m a . H a logénation— M a rv in  L. P o u ts m a .  
A ro m a t ic  S u b s t itu t io n —M . J o h n  P e r k in s .  I l l :  
STRUCTURE AND ENERGETICS. Therm ochem 
is try  of Free R adicals—H . E d w a rd  O 'N e a l a n d  
S id n e y  B e n s o n . The S tructu re  and S tereochem istry 
o f Free Radica ls— L e o n a r d  K a p la n .  S tructu re  of 
F re e  R a d ic a ls  by  ESR S p e c tro s c o p y —Harm s 
F is c h e r .  Solvation and A ssoc ia tion —J a m e s  C. 
M a r t in .  IV : FREE R A D IC A LS  W ITH HETER O 
ATOMS. N itrogen-C entered Radica ls—S te p h e n  F. 
N e ls e n . Phosphorus Radicals — W . G. B e n tru d e .  
Oxygen Radicals—J a y  K . K o c h i.  Sulfur-C entered 
R ad ica ls— J o h n  L . K ic e .  G roup IVB Radicals — 
H id e k i S a k u ra i.  B ridged Free R adica ls—P h i l l ip  S. 
S k e l l  a n d  K e n n e th  J . S h e a . Index.
1973 912 pages $42.50
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3(5)-Nitropyrazoles, such as 3,5-dinitropyrazole (2f), can be readily synthesized by thermal rearrangement 
of A’-nitropyrazoles. In turn, 3(o),4-dinitropyrazoles are obtained by further nitration of some 3(5)-nitro- 
pyrazoles.

The direct nitration of pyrazole, using nitric acid 
or mixtures of nitric acid and sulfuric acid,4 5'6 leads to 
substitution in the 4 position, in line with the behavior 
of other electrophilic reagents. Moreover, no further 
nitration of 4-nitropyrazoles has been reported in the 
literature. Reports on formation of 3-nitropyrazoles 
either concern compounds synthesized by other methods 
such as ring closure reactions4,6 or by nitration of 1,4- 
disubstituted pyrazoles,7 8'8a,b neither of which appear 
to be general methods for the synthesis of 3-nitro
pyrazoles. It is v/orth notice that in the latter case 
further nitration to 3,5-dinitropyrazoles can occur.7

Recently three different groups of workers inde
pendently reported on the synthesis of the unsub
stituted 3(5)-nitropyrazole (2a). Bagal, et al.,9
obtained 2a via diazotation of 3(5)-aminopyrazole, 
and Birkofer10 substituted the trimethylsilyl group in 
3(5)-trimethylsilylpyrazole by a nitroso group, which 
in turn was oxidized to give 2a. We reported on a 
novel reaction, the thermal isomerization of M-nitro- 
pyrazoles into their corresponding 3(5)-nitro deriva
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(9) L . I. B agal, M . S. Pevzn er, A . N . F orlov , and N . I . Sheludyakova, 
K h i m .  G e t e r o s ik l .  S o e d i n . ,  259 (1970 ); C h e m . A b s t r . ,  72, 111383h (1970).

(10) L . B irkofer and M . Franz, C h e m . B e r . ,  104, 3062 (1971).

tives,11 an example of an apparently characteristic prop
erty of N-nitroazoles to rearrange thermally into (7-nitro 
compounds.12,13 Using this rearrangement reaction, 2a 
was obtained from pyrazole in a simple two-step syn
thesis in very high yield (see Scheme I ) .

S c h e m e  I

r \
V  1 . AcOH, HNO, Q  *  .

x>O N  X N '
I 2. Ac20 j anisole or

H benzonitrile H
la 2a

The intramolecular migration of the nitro group
can be visualized as a [1,5] sigmatropic shift giving a
3R-pyrazolc followed by a fast tautomerization (see 
Scheme II).13'14

(11) J . W . A . M . Janssen and C . L . H abraken , J .  O rg .  C h e m .,  36, 3081  
(19 71 ).

(12) P . C ohen Fernandes and C . L . H abraken, J .  O rg .  C h e m ., 36, 30 84  
(19 71 ).

(13) C . L . H abraken and P . C ohen  Fernandes, C h e m . C o m m u n . ,  3 7  
(19 70 ).

(14) T h e  presum ed first step in this isom erization of iV-nitropyrazoles  
resem bles the reversed process of a van A lphen  rearrangem ent16 where 
3,3 ,4 ,5 -tetrasu b stitu ted  3H -py ra zoles (pyrazolenines) rearrange in to  N -  
su bstituted pyrazoles, a reaction which was reported to be an uncatalyzed

R'

therm al rearrangem ent.16 R ecen tly , other exam ples o f the pyrazolenine  
rearrangem ent were reported by D ürr and Sergio,17a and by F ran ck-N eu m an n  
and B uchecker,J7b w ho observed m igrations of ester, acyl, and cyano groups 
which they also explained in term s of [1 ,5 ] sigm atropic m igrations.

(15) J. van A lphen, R e e l.  T r a v .  C h im .  P a y s - B a s , 62, 48 5  (1 9 4 3 ); 62,
491 (1943).

(16) R . H ü ttel, K . Francke, H . M a rtin , and J. R iedl, C h e m . B e r . ,  93, 
1433 (1960).

(17) (a) H . D ü rr and R . Sergio, T e t r a h e d r o n  L e t t . ,  34 79 (1 9 7 2 ); (b) M . 
F ran ck-N eu m ann  and C . Buchecker, i b i d . ,  93 7  (1 9 7 2 ).
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S c h e m e  II

N02
la

The thermolysis of 5-m ethyl-1-nitropyrazole (3) 
affording 3(5)-methyl-4-nitropyrazole (4b) in addition 
to a small amount of 3(5)-methyl-5(3)-nitropyrazole 
(2b),11 offers the only example so far encountered giving 
a 4-nitropyrazole. This result can be explained by 
assuming a subsequent sigmatropic rearrangement 
from a 3H- into a 4ff-pyrazole followed by tautomer- 
ization. The concurrent formation of the 3(5)-methyl- 
5(3)-nitro isomer 2b was demonstrated to originate 
from 3-methyl- 1-nitropyrazole (lb), which in turn 
was demonstrated to arise from 3, presumably by a 
competing [1,5] migration of the nitro group to the 
adjacent nitrogen atom (see Scheme III).

S c h e m e  III

In this paper we report on the general synthetic 
implications of this novel isomerization reaction for 
the preparation of 3(5)-nitropyrazoles.

Results and Discussion

The required IV-nitropyrazoles (la  k) were obtained 
either by the original N-nitration procedure of Hüttel 
and Biichele18 or by nitration of the pyrazole with a 
preformed mixture of nitric acid and acetic anhydride 
(“ acetyl nitrate” ). As described earlier,11 N-nitration of 
3(5)-methylpyrazole gave a mixture of the two isomers
3-methyl- and 5-methyl- 1-nitropyrazole. Subsequently

(18) R .  H ü tte l and F. B üchele, C h e m . B e r . ,  88, 1586 (1955).

no2
la, R3 =  H; R, =  H Ig, R3 =  H; R, =  CH3
b, R3 =  CH3; R, =  H h, R3 =  H ; R 4 =  C2H5
c, R 3 =  C(CH3)3; R4 =  H i, R3 =  H; R4 =  C6H5
d, R3 =  C6Hs; R4 =  H j, R3 =  H; R 4 =  N 0 2
e, R 3 =  p-N 02C«H4; R4 = H k, R3 =  C6H5; R 4 =  N 0 2
f, R 3 =  N 0 2; R4 =  H

we found that nitration of 3(5)-methylpyrazole with 
a large excess of acetyl nitrate gives the 1,3 isomer lb 
as the only product (see Experimental Section), whereas 
nitration with an equimolar amount of acetyl nitrate 
afforded primarily the 1,5 isomer 3 in addition to small 
amounts of lb and l-acetyl-3-methylpyrazole (5).

R

COCH3
5. R = CH,
6, R = C6H5

The formation of small quantities of IV-acetyl com
pounds as by-products on N-nitration was also ob
served in some other cases.8a’n '19 Usually the N- 
nitropyrazoles could be purified by direct crystalliza
tion or by very mild acid hydrolysis of the IV-acetyl 
derivatives prior to crystallization.811 N-Nitration of 
3(5)-/erf-butylpyrazole, 3(5)-phenylpyrazole, and 3(5)- 
(p-nitrophenyl) pyrazole afforded l-nitro-3-terf-butyl- 
pyrazole (lc), l-nitro-3-phenylpyrazole (Id ),19 and 1- 
nitro-3-(p-nitrophenyl)pyrazole (le) in excellent yields. 
In these instances the formation of 5-substituted 1- 
nitropyrazoles is presumably prevented by the bulki
ness of the sustituents. An attempt to prepare 1- 
nitro-5-phenylpyrazole according to the procedure 
developed for the synthesis of the 5-methyl analog 3 
was unsuccessful; the only product obtained was 1- 
acetyl-3-phenylpyrazole (6)19. The N-nitration of 4- 
nitro-3(5)-phenylpyrazole (4d) also resulted in the 
formation of only one isomer, l,4-dinitro-3-phenyl- 
pyrazole (lk). Contrary to what was reported by 
Hiittel and Biichele,18 N-nitration of 4-nitropyrazole 
(4a) resulted in high yields of 1,4-dinitropyrazole 
(lj). Likewise, N-nitration of 3(5)-nitropyrazole eas
ily afforded 1,3-dinitropyrazole (If).

IV-Nitropyrazoles, as in general IV-nitroazoles, are 
readily characterized through tic (see Experimental 
Section) and ir spectroscopy.11'12 In addition to the 
absence of a N -H  absorption band, the N 02 stretch
ing frequencies for a IV-nitro group (as compared to 
those of a C'-nitro group) are found at a lower wave- 
number (1270-1295 cm-1) for the symmetric vibration 
and a higher wavenumber (1600-1650 cm-1) for the 
asymmetric vibration. In those instances where a 
decision between two possible isomeric structures was 
needed, namely compounds lc -f, structural assign-

(19) D a l M on te -C a son i20 N -n itra ted  3 (5 )-p h en y lp yra zo le  in tw o  w ays : 
on  n itration  b y  H tlttel’s p rocedure she obta in ed  an iV -n itroph en ylp yrazole  
w ith unassigned structure, presum ably  Id; on n itration  w ith an excess o f 
a cety l nitrate l-a ce ty l-3 -(p -n itrop h en y l)p y ra zo le  was obta in ed  in  ad d ition  
to  the sam e iV-nitro com pound.

(20) D . D a l M onte -C ason i, A n n .  C h im . { R o m e ) ,  48, 783 (1958).
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T a b l e  I
R e a r r a n g e m e n t  or N - N i t r o p y r a z o l e s  1 i n t o  3(5)-Ni t r o p y r a z o l e s  2

iV -N itro- /-------------------Substituents------ 3 (5 )-N itro - Rearrangem ent
pyrazole R i R . pyrazole conditions® Y ie ld 1

la H H 2 a B, 3 hr, 180° + + +
lb c h 3 H 2 b A, 2 hr, 145° • + + +
lc C(CH3)3 H 2 c A, 2.5 hr, 130° + + +
Id CeHs H 2 d A, 1.5 hr, 130° + + +
le p-N02C6H4 H 2 e B, 1.5 hr, 140° + + +
if n o 2 H 2 f B, 110 hr, 140° + + +
ig H c h 8 2 g B, 20 hr, 160° + +
lh H C2H5 2 h A, 50 hr, 140° « + +
li H c 6h 5 2 i B, 2.5 hr, 120° +
U H NO, 2 j B, 6  hr, 191° +
lk C6H6 NO, 2 k B, 1.5 hr, 140° + + +

“ A — anisole solution, B = benzonitrile solution; the work-up of the reaction mixture is described in the Experimental Section. 
b See Experimental Section for more detailed information; +  +  +  = 80% and above; + +  = 50-80%; +  = low yield (see text). 
c This experiment is described in ref 1 1 .

merits were based on their nmr spectral data. The 
chemical shifts of the 5 protons of these compounds 
were found at much lower external field as compared 
to those of the corresponding protons in the N-unsub- 
stituted pyrazoles, owing to the nitro group on the 
adjacent nitrogen atom.11'12 Moreover, as is known 
from investigations of Jacquier and others,21 the cou
pling constant between a 4 and a 3 proton differs 
from that between a 4 and 5 proton (Ji5 >  Ju). The 
distinct multiplet character of the signal of the phenyl 
protons in the nmr spectrum of Id indicating a phenyl- 
pyrazole unsubstituted in the ortho positions22 fur
nishes additional support for these assignments.

The best results for the rearrangement reactions 
were obtained on heating 5-10% solutions of the N- 
nitropyrazole in anisole or benzonitrile. Thin layer 
chromatographic analysis was used to determine the end 
of the reaction. In some cases dilution with hexane 
of the chilled reaction mixture resulted in a nearly 
quantitative precipitation of the C-nitropyrazole. For 
example, 97% of 3(5)-nitropyrazole was obtained in 
this way from the rearrangement of 1-nitropyrazole 
in benzonitrile (see Experimental Section). In most 
of the remaining cases, e.g., the conversion of 1,3- 
dinitropyrazole into 3,5-dinitropyrazole (2f), high 
yields were obtained via additional extraction with a 
sodium hydroxide solution (see Experimental Section 
and Table I). It appeared that isomerization of 4- 
substituted 1-nitropyrazoles was accompanied by con
siderable decomposition, resulting in fair to low yields. 
Thus, 4-methyl- and 4-ethyl-1-nitropyrazole (lg and 
lh) led to 4-methyl-3(5)-nitropyrazole (2g) and 4- 
ethyl-3(5)-nitropyrazole (2h), respectively, in isolated 
yields of ca. 60%. Likewise, thermolysis of l-nitro-4- 
phenylpyrazole (li) afforded (among many decomposi
tion products) only small amounts of the known com
pound 3(5)-nitro-4-phenylpyrazole (2i),6 as was ob
served on tic. Thermolysis of the 1,4-dinitro com
pound, lj, gave but a small yield of 3(5),4-dinitro- 
pyrazole (2j). [Because it was found (vide infra) 
that the latter compound can be obtained in good 
yield on nitration of 3(5)-nitropyrazole in sulfuric 
acid, no further efforts were undertaken to obtain 
2j by preparative themolysis of 1,4-dinitropyrazole]. 
One of the decomposition reactions observed was a 21 22

(21) J . E lguero, R . Jacquier, and H , C . N . T ien  D ue, B u l l .  S o c .  C h im .  
F r . ,  2327 (1966).

(22) L . G . Ten sm eyer and C . A insw orth , J .  O r g . C h e m .,  31, 1878 (1966).

denitration of the IV-nitropyrazole giving back the N- 
unsubstituted starting material. Such denitration 
also occurred in the case of the thermolysis of 1,3- 
dinitropyrazole, as observed from the presence of 10- 
15% of 3(5)-nitropyrazole on work-up of the reaction 
mixture.

2a, Rs(5) = H; R̂  = H 2g, R3(5) = H; R4 = CH3
b, R3(3) = CH3; R, = H h, R3(5) = H; R4 = C2H5
c, R3(6) = C(CH3)3; R4 = H i, R3(5) = H; R4 = C6H5
d, R3(5) = Cetb; R4 = H j, R3(5) — H; R4 = NO2

e, R 3 (5) = p-N 02C6H4; R4 = H k, R 3(5) = C6H 5 ; R4 = N 0 2
f, R3(5) — N02; R4 = H

As expected, the thermal rearrangement of the 1- 
nitropyrazoles unsubstituted in the 5 position, la-k, 
in all cases afforded the corresponding 3(5)-nitropy- 
razoles 2a-k. Structural assignments of the 3(5)- 
ferf-butyl-, 3(5)-phenyl-, and 3(5)-p-nitrophenyl-5(3)- 
nitropyrazoles (2c, 2d, and 2e) were based on compari
son (tic, melting points, uv23 and ir spectra) with the 
isomeric 4-nitropyrazoles 4c, 4d, and 4e, which were 
synthesized by unambiguous routes, 4d being obtained 
from 4e after selective reduction to 4-nitro-3(5)-

H
4a, R = H
b, R = CH3
c, R = C(CH3)3
d, R = C6H5
e, R = p-N02C6H4

(p-aminophenyl)pyrazole followed by deamination. 
For those compounds originally possessing a sub
stituent in the 4 position, the identifications were based 
on the presence of a C-nitro group in 4-methyl-3(5)- 
nitropyrazole (2g) and of a second C-nitro group in 
3(5),4-dinitro- and 3(5),4-dinitro-5(3)-phenylpyrazole 
(2j and 2k) (ir spectra and tic and mass spectral

(23) U v  spectra  o f  a num ber o f n itropyrazoles w ill be  presented and dis
cussed in  a separate paper.
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or elemental analysis). Compound 2f, the isomeriza
tion product of 1,3-dinitropyrazole, was found to be 
a C-dinitropyrazole differing from the 3(5),4-dinitro 
isomer 2j and was consequently assigned the structure 
of 3,5-dinitropyrazole. All assignments were corrobo
rated by the nmr spectra.

As mentioned before, 4-nitropyrazoles do not undergo 
further C-nitration, whereas 1,4-disubstituted pyrazoles 
can undergo dinitration to give 3,5-dinitro derivatives. 
These findings of Coburn7 were confirmed by the syn
thesis of 4-ethyl-3,5-dinitropyrazole (7) on further 
nitration in mixed acid of the mononitropyrazole 
2h (Scheme IV) (see Experimental Section). More-

S c h e m e  IV

over, it appeared that the 3(5)-nitropyrazoles 2 a and 
2b on nitration with mixed acid afforded quite readily 
and in good yields 3(5),4-dinitropyrazole (2j) and 3 (5) ,4- 
dinitro-5(3)-methylpyrazole (8) (Scheme V). No trace

S c h e m e  V

2 a , R  =  H  
2b, R  =  C H 3

2j, R  =  H  
8 , R  =  C H ;

of 3(5),4-dinitropyrazole (2j) could be detected when
4-nitropyrazole was subjected to the same dinitration 
conditions of the 3(5)-nitropyrazoles. To our knowl
edge only one other example of further nitration of a 
3(5)-nitropyrazole has been described, namely that 
of 3(5)-nitro-5(3)-(m-pyridyl)pyrazole giving the cor
responding 3(5),4-dinitro derivative.24 Apparently, 
and contrary to what is observed with 4-nitropyrazoles, 
3(5)-nitropyrazoles can be C-nitrated further, and again 
in the 4 position, as readily as other 3 ©-substituted 
pyrazoles.

In conclusion, thermal rearrangement of V-nitro- 
pyrazoles offers a convenient method to synthesize 
3(5)-nitropyrazoles, which in turn may undergo elec
trophilic substitution preferably in the 4 position, as 
we observed for the nitration reaction.

Experimental Section26
General.—Nmr spectra (8 expressed in parts per million) were 

recorded on a JEOL 60-MHz Minimar or on a JEOL PS-100 
instrument; ir spectra (KBr technique) were recorded on a 
Perkin-Elmer IR-137 spectrophotometer. Glc analyses were per
formed on a Varian Aerograph 1400 instrument. Spraying with 
Rhodamine B solution (0.05% in ethanol) was used for the de
tection of nitropyrazoles on tic; in the case of V-nitropyrazoles

(24) H . Lund, J .  C h e m . S o c . ,  418 (1935).
(25) T h e  follow ing experim ents w ere perform ed b y  J. D u y fje s  and R . 

B osm an : syntheses o f com pounds l e ,  I f ,  2e, a n d 2 f ;  add itional synthetic 
help was obta ined  from  R . Fransen, P . Cornelissen, and B . Polderm ans.

the purple-colored spots characteristic for all nitroazoles turned 
into yellow or brownish yellow colored spots on standing. Ele
mental analyses were performed by Mr. W. J. Buis, TNO Labo
ratory of Organic Chemistry, Utrecht, The Netherlands; mass 
spectra were recorded on a AE MS-902 spectrometer. All melt
ing points are uncorrected.

Materials.— 3(5)-Methylpyrazole, 3(5)-phenylpyrazole, and
4-nitropyrazole (4a) were synthesized by standard procedures. 
The syntheses of 1-nitropyrazole (la ), 5-methyl-l-nitropyrazole 
(3), 4-ethyl-1-nitropyrazole (lh ), 3(5)-methyl-5(3)-nitropyr- 
azole (2b), and 4-ethyl-3(5)-nitropyrazole (2h) were described in 
ref 11; the synthesis of l-nitro-4-phenylpyrazole (li)  was de
scribed in ref 8a. 4-Methylpyrazole was prepared by reaction 
of l,l,3,3-tetraethoxy-2-methylpropane with hydrazine hydro
chloride;26 3(5)-fert-butylpyrazole was prepared by condensing 
pivaloyl acetaldehyde27 with hydrazine hydrate, yield 71% , bp
110-112° (10 mm) [lit.28 29 bp 106° (9 mm)]. 3(5)-(p-Nitro- 
phenyl)pyrazole was made by nitrating 3(5)-phenylpyrazole 
with nitric acid (d 1.52) in sulfuric acid solution in the cold.20
l-Acetyl-3-methylpyrazole (5) was obtained by reaction of 3(5)- 
methylpyrazole with an excess of acetyl chloride.28

Acetyl nitrate was prepared freshly before use by adding nitric 
acid (d 1.52) to acetic anhydride.86 All chemicals, being high- 
grade commercial products, were used as such.

4-Nitro-3(5)-(p-nitrophenyl)pyrazole (4e).— While cooling, 7 g 
of 3(5)-phenylpyrazole was added to 100 ml of nitric acid (d 
1.52); after stirring at 50° for 2 hr the solution was poured onto 
ice and the precipitated compound was collected by filtration. 
Ether extraction of the filtrate provided an additional amount of 
4e. Total yield after crystallization from ethanol was 7.5 g 
(66%); mp 210-212° (lit.30 mp 212°); nmr (60 MHz, DMSO) 5
8.86 [s, 1, 5(3)-H], 8.37 and 7.97 (doublets, 4, J  =  8 Hz, aro
matic).

4-Nitro-3 (5)-(p-aminophenyl )pyrazole.— Hydrogen sulfide was 
passed through a solution of 7.5 g of 4e containing 4.2 g of NaOH, 
at a temperature of 80°; after a few minutes the temperature 
increased to ca. 90° and an orange-colored solid precipitated. 
H2S was passed through for an additional 1 hr. The solid, col
lected by filtration, was washed with water: 4.9 g (75% ); after 
crystallization from water, mp 187-187.5°; ir 3350 (NH2), 3200 
(NH), 1495 and 1320 cm“ 1 (N 02); nmr (60 MHz, acetone) 8
8.25 [s, 1, 5(3)-H], 7.51 and 6.81 (doublets, 4, J =  8 Hz, aro
matic).

Anal. Calcd for C9HgN40 2: C, 52.94; H, 3.95; N, 27.44. 
Found: C, 53.07; H, 3.76; N, 27.36.

4-Nitro-3(5)-phenylpyrazole (4d).— Sodium nitrite (1.4 g) 
was very slowly added to a cold solution ( — 5 to 0°) of 4-nitro- 
3(5)-(p-aminophenyl)pyrazole (4.0 g) in 20% hydrochloric acid; 
after stirring for 0.5 hr at 0°, 31.2 ml of cooled hypophosphoric 
acid (50%) was added. The mixture was allowed to stand for 24 
hr at room temperature; the reaction mixture was diluted with 
ca. 50 ml of water and the solid was collected by filtration. Crys
tallization from a large amount of water yielded 3.1 g (84%) of 4d. 
The compound was recrystallized from water to give an analyti
cally pure sample: mp 185-185.5°; ir 3200 (NH), 1495 and 1320 
cm “ 1 (N 02); nmr (60 MHz, acetone) 8 8.44 [s, 1, 5(3)-H], 
7.75-7.40 (m, 5, aromatic).

Anal. Calcd for C9H,N30 2: C, 57.14; H, 3.73; N, 22.21. 
Found: C, 57.16; H, 3.63; N, 22.32.

4-Nitro-3(5)-ferf-butylpyrazole (4c).— A 1.5-g portion of 3(5)- 
ferf-butylpyrazole was nitrated with “ mixed acid”  according to 
the method of Morgan and Ackerman;31 the reaction mixture 
was poured onto ice and extracted with ether; evaporation of the 
solvent afforded 1.7 g (83%) of 4c. A pure sample was obtained 
by crystallization from petroleum ether (bp 60-80°); mp 118.5- 
119°; ir 3235 (NH), 1510 and 1385 (1311?) cm“ 1 (N 02); nmr 
(60 MHz, CDCla) 5 8.37 [s, 1, 5(3)-H] and 1.44 [s, 9, C(CH3)3].

Anal. Calcd for CjHnN30 2: C, 49.69; H, 6.55; N, 24.84. 
Found: C, 49.80; H, 6.62; N, 24.93.

3(5)-Nitropyrazole (2a). Rearrangement of 1-Nitropyrazole

(26) V . T . K lim ko, T . V . P ro top op ov a , and A . P . Skold inov , J .  G e n .  
C h e m . U S S R ,  31, 159 (1961).

(27) (a) J. T . A dam s and C. R . H auser, J .  A m e r .  C h e m . S o c . ,  66, 1220 
(1944); (b ) R . Levine, J. A . C on roy , J. T . A dam s, and C . R . H auser, i b i d . ,  
67, 1510 (1945).

(28) I . I . G randberg and A. N . K ost, J .  G e n . C h e m . U S S R ,  28 , 3102 
(1958).

(29) K . v . Am vers and W . D aniel, J .  P r a k t .  C h e m .,  110, 235 (1925).
(30) E . B u ch ner and C . H achum ian, C h e m . B e r . ,  35, 37 (1902).
(31) J. T . M organ  and I. A ckerm an, J .  C h e m . S o c . ,  123, 1308 (1923).
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(la) .— A solution of 3.0 g of la in 30 ml of benzonitrile was heated 
for 3 hr at 180°; after cooling and the addition of a threefold 
quantity of hexane, compound 2a was collected by filtration. 
The crude yield, after washing with hexane and drying, was 2.9 g 
(97%), mp 173-174°; recrystallization from water gave mp 174- 
175° (lit.9 mp 175°). Additional experiments (up to 10-g scale) 
afforded 95-99% yields.

Nitration of 3(5)-Methylpyrazole with an Excess of Acetyl 
Nitrate.— Acetyl nitrate (72 mmol, 3 ml of nitric acid in 7.5 
ml of acetic anhydride) was added to a solution of 3(5)-methyl- 
pyrazole (2.5 g, 32 mmol) in 3 ml of acetic acid at 0°. After 2 hr 
the reaction mixture was poured onto ice; the resulting pre
cipitate (0.7 g) appeared to be pure 3-methyl-l-nitropyrazole
(lb) (glc, ir, nmr, and melting point); an additional 1.2-g portion 
of lb was obtained after neutralization of the filtrate with sodium 
carbonate and extraction with ether; total yield was 49%.

Nitration of 3(5)-Methylpyrazole with an Equimolar Amount 
of Acetyl Nitrate.— A 5.9-g (72 mmol) portion of 3(5)-methyl- 
pyrazole was treated with 72 mmol of acetyl nitrate as described 
above; after neutralization and extraction with ether the product 
mixture was analyzed by glc and nmr; on comparison with 
authentic samples, it was found to consist of 3, lb, and 5 (7 :1 :2 ).

l-Nitro-3-teri-butylpyrazole (lc).— A 3.0-g portion of 3(5)- 
ieri-butylpyrazole was dissolved in 9.5 ml of acetic acid and N- 
nitrated11'18 with 2.2 ml of nitric acid (d 1.52) and 16 ml of acetic 
anhydride. The crude product was crystallized from petroleum 
ether to yield 2.6 g (64%) of compound lc. The analytical 
sample was obtained by recrystallization from petroleum ether: 
mp 66°; ir 1600 and 1285 cm “ 1 (N N 02); nmr (60 MHz, CDC13) 
8 8.23 (d, 1, J  =  2.8 Hz, 5-H), 6.37 (d, 1, J  =  2.8 Hz, 4-H), 
and 1.38 [s, 9, C(CH3)3] .

Anal. Calcd for CVHnNsCb: C, 49.69; H, 6.55; N , 24.84. 
Found: C, 49.66; H ,6.45; N , 24.81.

l-Nitro-3-phenylpyrazole (Id) was obtained when 6.0 g of 3(5)- 
phenylpyrazole, dissolved in 18 ml of acetic acid, was N-nitrated 
with 3.6 ml of nitric acid and 18 ml of acetic anhydride. The 
crude yield was 7.3 g (93%). Recrystallization from methanol 
gave an analytically pure sample: mp 119° (lit.20 mp 122°); 
ir 1620 and 1290 cm“ 1 (N N 02); nmr (60 MHz, CDC13) 8 8.20 
(d, 1, J  =  3.0 Hz, 5-H), 6.67 (d, 1, J  =  3.0 Hz, 4-H), 7.90-7.65 
(m, 2), and 7.45-7.20 (m, 3, aromatic).

Anal. Calcd for C9H,N30 2: C, 57.14; H, 3.73; N, 22.21. 
Found: C, 57.21; H, 3.75; N, 22.26.

Reaction of 3(5)-Phenylpyrazole with an Equimolar amount of 
Acetyl Nitrate.— Acetyl nitrate (14 mmol) was carefully added 
to a solution of 2 g (14 mmol) of 3(5)-phenylpyrazole in 15 ml of 
acetic acid at 0°. After 1.5 hr the reaction mixture was poured 
onto ice; the formed precipitate (2.1 g) appeared to be l-acetyl-3- 
phenylpyrazole (6). After crystallization from petroleum ether 
6 had mp 63° (lit.32 mp 64-65°); ir 1725 cm -1 (C = 0 ) ;  nmr (100 
MHz, CDClj) 8 8.16 (d, 1, J  =  2.8 Hz, 5-H), 6.64 (d, 1, 
J  =  2.8 Hz, 4-H), 7.9-7.7 (m, 2) and 7.4-7.3 (m, 3, aromatic),
2.70 (s, 3, CH3).

1 -Nitro-3-(p-nitrophenyljpyrazole (le).26— When 2.0 g of 3(5)- 
(p-nitrophenyl)pyrazole was dissolved in 35 ml of acetic acid and 
N-nitrated with 0.6 ml of nitric acid and 6 ml of acetic anhydride,
2.3 g (93%) of crude le was obtained. The compound was 
recrystallized from methanol to give a pure sample. A melting 
point was only observed when the temperature of the sample was 
raised rapidly, mp 184-186°. When the temperature was in
creased slowly, compound le rearranged into 2e without liquefy
ing: ir 1625 and 1290 cm-1 (N N 02), 1515 and 1340 cm -1 
(C N 02); nmr (60 MHz, DMSO) 8 8.86 (d, 1, J =  2.8 Hz, 5-H),
7.42 (d, 1, J =  2.8 Hz, 4-H), and 8.27 (symmetrical AA 'B B ' 
spectrum, 4, aromatic).

Anal. Calcd for C9H6N40 4: C, 46.16; H, 2.58; N , 23.93. 
Found: C, 46.15; H, 2.46; N, 23.86.

1,3-Dinitropyrazole (If).26— A 2.9-g portion of 2a was sus
pended in 18 ml of acetic acid and N-nitrated with 2.4 ml of 
nitric acid and 6 ml of acetic anhydride. After 2.5 hr the reac
tion mixture was poured onto ice and the iV-nitro compound was 
collected by filtration: 2.3 g (57% ) of If; white crystals from
hexane; mp 67°; ir 1645 and 1285 cm-1 (NNO.), 1550 and 1350 
cm “ 1 (C N 02); nmr (60 MHz, CDC13) 8 8.45 (d, 1, J  = 2.8 Hz,
5-H) and 7.17 (d, 1, J =  2.8 Hz, 4-H); mol wt, 158.0079 (calcd 
for 0^^404,158 .0075).

4-Methyl-l-nitropyrazole (lg ).— A 4.0-g portion of 4-methyl- 
pyrazole was dissolved in 15 ml of acetic acid and N-nitrated with 32

(32) K . v . Auw ers and W . Schm idt, C h e m . B e r . ,  68, 528 (1925).

3 ml of nitric acid and 9 ml of acetic anhydride. After 2 hr the 
reaction mixture was poured on ice; 3.75 g (61%) of lg  pre
cipitated from the solution after saturation with NaCl. Re
crystallization from petroleum ether (bp 40-60°) gave an analyti
cally pure sample: mp 42.5°; ir 1600 and 1290 cm-1 (N N 02); 
nmr (60 MHz, CDC13) 8 8.11 (s, 1, 5-H), 7.48 (s, 1, 3-H), and
2.17 (s, 3, CH3).

Anal. Calcd for C4H5N30 2: C, 37.80; H, 3.97; N , 33.06. 
Found: C, 39.02; H, 3.85; N, 33.24.

1.4- Dinitropyrazole (lj).— 4-Nitropyrazole (4a, 3.0 g) was 
suspended in 15 ml of acetic acid and N-nitrated with 3.5 ml of 
nitric acid and 5.5 ml of acetic anhydride; after 0.5 hr the re
action mixture was poured onto ice, neutralized with sodium 
carbonate, and repeatedly extracted with ether. The combined 
extracts were dried on M gS04 and evaporated to dryness: yield
3.4 g (81%) of crude lj. The product was purified by column 
chromatography11 (silica gel H according to Stahl, chloroform- 
ethyl acetate, 3 :1 ) and crystallization from hexane: mp 54°; 
ir 1650 and 1280 cm “ 1 (N N 02), 1515 and 1320 cm“ 1 (C N 02); 
nmr (60 MHz, CDC13) 8 9.00 (s, 1, 5-H) and 8.17 (s, 1, 3-H); 
mol wt, 158.0079 (calcd for CsHi^Ch, 158.0075).

1.4- Dinitro-3-phenylpyrazole (Ik).— Compound 4d (1.0 g) 
was dissolved in 10 ml of acetic acid and N-nitrated with 0.7 
ml of nitric acid and 5 ml of acetic anhydride. After 1.5 hr the 
reaction mixture was poured onto ice; the resulting solution was 
saturated with NaCl; and the iV-nitro compound was collected 
by filtration and washed with water. A crude yield of 1.2 g 
(97%) of lk was obtained. The analytical sample was obtained 
after crystallization from methanol: mp 163° dec; ir 1650 and 
1270 (N N 02), 1545 (?), 1510 and 1350 cm r1 (C N 02); nmr (100 
MHz, CDC13) 8 9.10 (s, 1, 5-H), 7.8-7.7 (m, 2), and 7.6-7.4 (m, 
3, aromatic).

Anal. Calcd for C9H6N40 4: C, 46.16; H, 2.58; N , 23.93. 
Found: C, 46.53; H, 2.74; N, 23.54.

3(5)-Nitro-5-(3)-tert-butylpyrazole (2c). Rearrangement of lc. 
— The reaction mixture obtained after rearrangement of lc 
(2.0 g in 25 ml of anisole) was diluted with hexane and extracted 
with 1 N  NaOH solution; the NaOH layers were acidified with 
HC1 and extracted with ether. The crude product obtained 
after evaporation of the solvent was crystallized from petroleum 
ether (bp 80-100°): yield 1.6 g (80%) of 2c; mp 190-190.5°; 
ir 3150 (NH), 1530 and 1335 cm-1 (C N 02); nmr (60 MHz, 
CDCb) 8 6.59 (s, 1, 4-H) and 1.21 [s, 9, C(CH3)3] .

Anal. Calcd for C7HuN30 2: C, 49.69; H, 6.55; N, 24.84. 
Found: C, 49.74; H, 6.54; N , 25.00.

3(5)-Nitro-5(3)-phenylpyrazole (2d). Rearrangement of Id.—- 
A 4.0-g portion of Id, dissolved in 40 ml of anisole, was ther- 
molyzed at 130°; compound 2d precipitated from the chilled 
reaction mixture and was collected by filtration (3.3 g, 83% ). 
An additional portion was obtained by extraction of the filtrate 
with NaOH solution. Crystallization from methanol gave an 
analytically pure sample: mp 198°; ir 3225 (NH), 1540 and 
1335 cm-1 (C N 02); nmr (60 MHz, acetone) 8 7.9-7.7 (m, 2) 
and 7.6-7.3 (m, 3, aromatic), 7.26 (s, 1 ,4-H).

Anal. Calcd for C9H,N30 2: C, 57.14; H, 3.73; N, 22.21. 
Found: C, 57.33; H, 3.65; N, 22.35.

3(5)-Nitro-5(3)-(p-nitrophenyl)pyrazole (2c).25 Rearrange
ment of le.— The solution obtained after rearrangement of le 
(0.50 g dissolved in 5 ml of benzonitrile) was diluted with hexane; 
compound 2e precipitated and was collected by filtration. The 
crude yield was 0.41 g (82%). Recrystallization from methanol 
gave an analytically pure sample: mp 260°; ir 3230 (NH), 
1545, 1520, and 1335 c m '1 (C N 02); nmr (60 MHz, DMSO) 8
8.23 (symmetrical AA 'B B ' spectrum, 4, aromatic) and 7.75 (s,
1 ,4-H).

Anal. Calcd for C9H6N 40 4: C, 46.16; H, 2.58; N, 23.93. 
Found: C, 46.13; H, 2.61; N, 24.10.

3.5- Dinitropyrazole (2f). Rearrangement of If.26— The reac
tion mixture that was obtained after thermolysis of 1.0 g of If 
in 20 ml of benzonitrile was worked up by dilution with hexane 
and extraction with NaOH solution. The product (1 g) was 
contaminated with 10-15% of 2a (nmr analysis). Crystalliza
tion from benzene afforded pure 2f: mp 173-174°; ir3200(N H ), 
1570(?), 1530, 1365, and 1340 cm “ 1 (C N 02); nmr (60 MHz, 
acetone) 8 7.64 (s, 4-H).

Anal. Calcd for CsHJSbO,: C, 22.79; H, 1.28; N , 35.45. 
Found: C, 22.91; H, 1.42; N, 35.51.

4-Methyl-3(5)-nitropyrazole (2g). Rearrangement of lg —  
A 3.0-g portion of lg, dissolved in 60 ml of benzonitrile, was
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thermolyzed at 160°. 2g was precipitated from the reaction 
mixture by the addition of hexane; the compound (1.25 g) was 
collected by filtration. An additional 0.60 g was obtained by 
extraction of the filtrate with NaOH solution. The total crude 
yield was 62%. Crystallization from water gave a pure sample: 
mp 187°; ir 3175 (NH), 1525 and 1350 (1370?) cm“ 1 (C N 02); 
nmr (60 M Hz, CDC13) 7.80 [s, 1, 5(3)-H] and 2.47 (s, 3, CH„).

Anal. Calcd for C4H5N 30 2: C, 37.80; H, 3.97; N, 33.06. 
Found: C, 37.92; H, 4.07; N, 32.97.

3(5),4-Dinitro-5(3)-phenylpyrazole (2k). Rearrangement of 
lk .— A 0.30-g portion of lk  was dissolved in 5 ml of benzonitrile 
and thermolyzed at 140°; the resulting solution was worked up 
by extraction with NaOH solution. The crude yield was 0.24 g 
(80%). Crystallization from benzene gave an analytically pure 
sample: mp 149-150°; ir 3280 (NH), 1535 (m), 1370 and 1330 
cm-1 (C N 02); nmr (100 MHz, acetone) 8 7.9-7.7 (m, 2) and
7.7-7.5 (m, 3, aromatic).

Anal. Calcd for CsHsN.O.: C, 46.16; H, 2.58; N , 23.93. 
Found: 46.43; H, 2.72; N, 23.74.

Thermolysis of li.— A 2%  solution of li in benzonitrile was 
heated at 120°; the reaction was followed by tic. Among other 
products, the rearrangement product 3(5)-nitro-4-phenylpyrazole
(2i)33 could be detected.

3(5),4-Dinitropyrazole (2j). Nitration of 2a with Mixed Acid.
— Compound 2a (1.5 g) was dissolved in 2.55 ml of concentrated 
sulfuric acid and nitrated by the method of Morgan and Acker
man31 with 1.65 ml of nitric acid and 5.1 ml of sulfuric acid. 
The reaction mixture was poured on ice and, after saturation with 
NaCl, extracted with ether. Removal of the solvent gave 1.9 g 
(86%) of 2j as white crystals from benzene: mp 87.5-88.5°; ir
3280 (NH), 1550, 1520, 1370, and 1340 cm“ 1 (N 0 2); nmr (60 
MHz, acetone) 5 8.71 [s, 5(3)-H]; mol wt, 158.0078 (calcd for 
C3H2N40 4, 158.0075).

Thermolysis of l j .— The reaction mixture that was obtained 
when a solution of lj in benzonitrile (10%) was refluxed for 6 hr 
was worked up by extraction with NaOH solution. The oily 
liquid that was obtained appeared to be mainly a mixture of 2j 
and 4a (8:2, nmr analysis). When a solution of lj was heated 
for a longer time at a lower temperature (130°), other (unknown) 
products were formed.

3(5),4-Dinitro-5(3)-methylpyrazole (8).— Compound 2b (0.80 
g) was nitrated by the method of Morgan and Ackerman.31 The 
reaction mixture was poured onto ice, neutralized with sodium

(33) W e  wish to thank D r. W . E . Parham , U niversity  o f  M in n esota , for 
prov id in g  a sam ple o f  this com pou n d .

carbonate, and extracted with ether, yield 0.78 g (72% ). Crys
tallization from benzene gave an analytically pure sample: mp 
120-121°; ir 3280 (NH), 1550, 1505, 1360, and 1330 cm “ 1 
(NOj); nmr (60 MHz, acetone) 8 2.67 (s, CH3).

Anal. Calcd for C,H4N(0<: C, 27.91; H, 2.34; N , 32.56. 
Found: C, 28.33; H, 2.49; N, 32.30.

3,5-Dinitro-4-ethylpyrazole (7).— The reaction mixture that 
was obtained after nitration of 1.5 g of 2h by the method of 
Morgan and Ackerman31 was poured onto ice; the formed pre
cipitate (unreacted 2h) was removed by filtration; the filtrate 
was neutralized with sodium carbonate and extracted with ether 
to yield 0.48 g (23%) of 7. The compound was purified by 
column chromatography11 (silica gel H according to Stahl, chloro
form-methanol-acetic acid, 80:20:0.5, as eluent) and crystal
lization from water: mp 170-171°; ir 3245 (NH ), 1590 (?), 
1545 and 1340 cm -1 (N 02); nmr (100 MHz, hexadeuterioacetone) 
8 3.19 (q, 2, CH2) and 2.24 (t, 3, CH3).

Anal. Calcd for C5H6N40 4: C, 32.26; H, 3.25; N, 30.10. 
Found: C, 32.71; H, 3.35; N , 30.26.

Nitration of 4-Nitropyrazole (4a).—This compound was treated 
with mixed acid by the same method that was used for the further 
nitration of 2a. Work-up of the reaction mixture afforded the 
unreacted compound as the only product (tic analysis).

Registry N o.—la, 7119-95-1; lc, 38859-25-5; Id, 
38859-26-6; le, 38859-27-7; If, 38858-81-0; lg, 38858- 
82-1; lj, 35852-77-8; lk, 38858-84-3; 2a, 26621-44-3; 
2c, 38858-86-5; 2d, 38858-87-6; 2e, 38858-88-7; 2f,
38858-89-8; 2g, 38858-90-1; 2h, 31163-87-8; 2j,
38858- 92-3; 2k, 38858-93-4; 4a, 2075-46-9; 4c, 38858-
95-6; 4d, 38858-96-7; 4e, 38858-97-8; 6, 38858-98-9; 
7, 38858-99-0; 8, 38859-00-6; 3(5)-phenylpyraz-
ole, 2458-26-6; 4-nitro-3(5)-(p-aminophenyl)pyrazole,
38859- 02-8; 3(5)-methylpyrazole, 1453-58-3; 3(5)-(p- 
nitrophenyl)pyrazole, 20583-31-7; 4-methylpyrazole, 
7554-65-6.
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3,5-Dihydroxy-4-phenylisoxazole reacts spontaneously with a variety of carbonyl compounds yielding with 
aromatic aldehydes Ar-arylmethylidene-4-phenylisoxazol-5-onium-3-enolates and with acetone a 1:2 condensation 
product. The latter undergoes reaction with alcohols giving •5-alkoxy-2-oxo-3-phenyl-5,7,7-trimethyl-2H,7H’- 
isoxazolo[3,2-b][l,3]oxazine. Crotonaldehyde, acrolein, and mesityl oxide reacted with the initial isoxazole. 
Structures and properties of the various products are studied.

The unusual physical properties of 3,5-dihydroxy-4- 
phenylisoxazole (1), prepared from ethyl a-phenyl- 
malonate and hydroxylamine. have been described 
recently.1 An interesting chemical property of this 
compound which is studied here is its reactivity toward 
carbonyl compounds. It reacts spontaneous^ either 
upon dissolution in the neat carbonyl compound or in 
solution, at room temperature. The stable red products 
which are obtained from aromatic aldehydes were

(1) G . Z v ilich ovsk y , I s r a e l  J .  C h e m .,  9, 659 (1971).

briefly described in a recent communication2 and were 
proved to be W-aryImethylidene-4-phenylisoxazol-5- 
onium-3-enolates (2). Additional data about these 
compounds are given in the Experimental Section 
below. The formation of 2 is probably initiated by the 
protonation of the aldehydic oxygen by the very acidic1 
enol of 1, followed by the elimination of water. Another 
possible approach is a cyclic concerted mechanism 
(see Scheme I). In the case of benzaldehyde the re-

(2) G . Z v ilich ovsk y , T e tr a h e d r o n  L e t t . ,  2351 (1972).
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T a b l e  I

Nmr D a t a  o f  P r o d u c t s  D e r i v e d  f r o m  A c e t o n e . 5 V a l u e s  a n d  R e l a t i v e  I n t e g r a t i o n “

C om p ou n d  no. Solvent (tim e)6 CH s C H , (CHs)aC O H

5 CDCI3 2.92 s (1.6) 2.14 s (2.4) 1.54 s (4.8) 4.36 s (0.8)«
2.36 s (0.4) 1.79 s (0.6) 1.40 s (1.2) 7.2 (0.2)

Acetone-d6 2.38 s (2.0) 1.79 s (3.0) 1.40 s (6.0) 7 .2  (1.0)
DMSO-d6 (5 min) 2.55 s (2.0) 1.85 s (3.0) 1.38 s (6.0) 8.4 s (1.0)

( 1 0  mm)d 2.55 s (1.9) 1.85 s (2.9) 1.38 s (5.7) 8 .5  s (1.05)
1.78 s (0.1) 1.87 d (0.3)«

(15 m i a ) d 2.55 s (1.8) 1.85 s (2.7) 1.38 s (5.4) 8.9 s (1.1)
1.78 s (0.3) 1.87 d (3.6)«

(25 min ) *1 2.55 s (1.6) 1.85 s (2.4) 1.38 s (4.8) 9.2 s (1.2)
1.78 s (0.6) 1.87 d (1.2)« 9 .2  s (1.2)

(70 min ) ' 1 2.55 s (1.2) 1 .85s (1.8) 1.38 s (3.6) 9 .6  s (1.4)
1 .78s (1.2) 1.87 d (2.4)«

( 2 0  hr)-* 2.55 s (0.8) 1.85 s (1.2) 1.38 s (2.4) 1 0 . 0  s (1 . 6 )
1.78 s (1.8) 1.87 d (3.6)« 4-

CDCI3 +  pyridine 2.92 s (2.0) 2.10 s (3.0) 1.48 s (6.0) 14.1 (NH)

CDCI3 +  Et8N 2 . 8 6  s (2 . 0 ) 2.05 s (3.0) 1.45 s (6.0) 10.2 (NH)
7, R  =  Et CDCI3 2 . 2 0  s (2 . 0 ) 1.60 s (3.0) 1.40 s (3.0) 1.0 t (OEt)

1 .3 4s (3.0) 3.5 q (OEt)
7, R  =  Me CDCI3 2 . 2 2  s (2 . 0 ) 1.60 s (3.0) 1.40 s (3.0) 3.28 s (OMe)

1.37 s (3.0)
“ The signals of the aromatic protons are not given in the table. In CDC13 5 gave S 7.20 s (4.0) and 7.20-7.60 m (1.0). In all other 

solvents a multiplet is observed. 7 gave a multiplet. b The time after the sample was dissolved. « This is the absorption of the methine 
proton of tautomer 5c. d A vinylic proton signal is also observed: S 5.98 with increasing integration from 0.05 to 0.6. « This doublet is 
actually two singlets.

S c h e m e  I

action is reversible, and by addition of water it de
composes to the parent compounds. These red crystal
line products (2) are stabilized by conjugation of the 
aldehydic component with the phenyl group at the 4 
position, with a large number of resonance structures as 
shown for the benzaldehyde derivative (3). The stabil
ity of these zwitterionic compounds depends on the 
nature of the aldehyde; extended conjugation or elec
tron-donating groups enhance their stability.2 In the 
case of acetone, acrolein, or crotonaldehyde there is a 
more limited electron delocalization. Thus the zwit
terionic analog of 2 becomes an active intermediate with

a strongly electrophilic carbon, comparable to the 
carbon in phosgene immonium3-5 or in the intermediate 
cyclopropanone imminium salt.6

It was mentioned previously1 that 3,5-dihydroxy-4- 
phenylisoxazole (1) gives a yellow coloration with 
acetone. Attempts to isolate the colored product were 
unsuccessful. However, a new colorless product could 
be obtained in about 50% yield (5). The product gave 
analytical results of a condensation product of two 
molecules of acetone per molecule of 1, with the elimina
tion of a molecule of water and has probably structure 5 
(Scheme II). On hydrolysis it yields phenylacetic acid, 
excluding combination of any acetone molecule to any 
ring carbon, as phenylacetic acid is obtained via 
phenylmalonic acid by decarboxylation.

It appears that the strongly electrophilic carbon in 4 
attacks the carbon of the ketone even in the absence 
of base. Evidence for the structure of 5 is also obtained 
from its spectral and chemical properties. The ir in 
the solid state shows a C = 0  absorption only at 1700 
cm-1 which is probably due to the side-chain carbonyl 
group. The ring carbonyl absorption is absent similarly 
to the case of the parent compound as a result of tau- 
tomerism and hydrogen bonding.1 The low frequency 
of the OH absorption (3210 cm-1) also indicates hy
drogen bonding in the solid state. The tautomeric 
equilibria of 5 are clearly seen in the nmr spectra 
(Table I).

The nmr absorption of the phenyl protons in the 
parent compound (1) consists of a multiplet rather than 
a singlet;1 however, by determining the nmr spectrum 
of 5 in CDCU a mixture of tautomers is observed. 
About 20% has a conjugated structure (5b), showing

(3) H . G . Viehe and Z. Janosek , A n g e w .  C h e m .,  I n t .  E d .  Engl., 10,'J>73 
(1971 ); A n g e w .  C h e m .,  83, 614 (1971).

(4) Z . Janosek and H . G . Viehe, A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  10, 574 
(1971 ); A n g e w .  C h e m .,  83, 615 (1971).

(5) H . G . Viehe, Z . Janosek , and M .-A . D eF renne, A n g e w .  C h e m .,  I n t .  E d .  

E n g l . ,  10, 575 (1971 ); A n g e w .  C h e m ., 83, 616 (1971).
(6) H . H . W asserm an and M . S. B aird, T e tr a h e d r o n  L e t t . ,  3 /2 1  (1971).
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S c h e m e  I I

the aromatic multiplet, whereas about 80% give a 
singlet at 5 7.10 corresponding to structure 5c. In 
addition there is a methine band at 8 4.35 which also 
arises from structure 5c; this band is displaceable by 
D 20. The side-chain bands indicate CH2, CH3CO, and 
(CH8)2C groups at 8 2.92, 2.14, and 1.54, respectively. 
These bands are accompanied by bands of 20% in
tensity at 8 2.36, 1.79, and 1.40, respectively. More
over, if structure 5c is dominant in CDCI3, the absorp
tion of the ring carbonyl in the ir should be observed 
at higher frequencies, and, indeed, there are two car
bonyl bands in chloroform at considerably higher 
frequency (1810 and 1730-1700 cm-1) resembling 
cyclic anhydrides. Upon the addition of an organic base 
to the CDCI3 solution, e.g., pyridine or triethylamine, 
100%  of the enolic form is obtained resulting in a com
plete elimination of the aromatic singlet and in single 
peaks for each kind of the aliphatic protons of the side 
chain (see Table I). The enolic form is also favorable 
in acetone-c/6 as observed in the nmr spectrum (Table I), 
probably because of hydrogen bonding with molecules 
of the solvent. In DMSO-d6 the conjugated enolic form 
exists; furthermore, it causes also enolization of the side- 
chain carbonyl. This enolization is slow and can be 
followed by changes in the nmr; it reaches a maximum 
of about 60% after 20 hr. In moist DMSO-d6 the 
change is faster and there is also a shift upheld in the 
band of the acidic proton. Similar to what is observed 
in the semihydrate of the parent compound ( l ) ,1 both 
the ring OH protons and the external OH protons give 
a single peak. During the enolization process this peak 
moves from 8 8.5 to 10.0 (in wet DMSO-d# it moves 
rather upheld). This enolization of the side chain is 
indicated by the decrease in the CH2 protons band at 
8 2.55 and the formation of a vinylic proton which ab
sorbs at 8 5.98. The terminal methyl protons signal 
moves about 4 Hz upheld and the two geminal methyl 
groups become nonequivalent yielding two bands at 8
2.00 and 1.98 instead of one peak at S 1.35. This is 
probably due to hydrogen bonding as shown in structure

5a. Precipitation of 5a from its DMSO solution and 
redissolution in CDCI3 restores tautomer 5c. This fact 
excludes any irreversible changes in DMSO and in
dicates proton tautomerization.

On a short heating of 5 in alcohols, e.g., ethanol or 
methanol, a new heterocyclic compound was obtained. 
An attack of the alcoholic oxygen on the side-chain 
carbonyl is followed by a ring closure to a derivative of 
the unknown isoxazolo[3,2-5][l,3]oxazine bicyclic sys
tem (7). The nmr spectrum of 7 shows, as expected, a 
multiplet of the phenyl protons, indicating the con
jugation of the phenyl group with the isoxazolone ring. 
The two geminal methyl protons are not equivalent in 
7, as they occur on either side of the plane of the ring 
system and as a result their signals are separated by 4 
Hz in the ethoxy derivative (R =  C2H6) at 8 1.33 and
1.38, respectively, and by a smaller difference in the 
methoxy derivative (R = CH3).

A final proof for the structure of 5 was provided by 
the formation of an identical product by the reaction of 
1 with mesityl oxide. The latter reaction represents 
another possible reaction of 3,5-dihydroxy-4-phenylisox- 
azole (1) with a carbonyl compound, e.g., a noncatalyzed 
Michael addition (formulation 6, Scheme II).

On the basis of the above findings it was easier to 
understand the reaction of 3,5-dihydroxy-4-phenyl- 
isoxazole (1) with crotonaldehyde or acrolein. Here 
again the stabilization of the immonium enolate species 
is too small and the aldehydic carbon becomes strongly 
electrophilic. By introducing crotonaldehyde to the 
solution of 1 in dry ether the red color which is formed 
initially disappears while a colorless precipitate de
posits. This product was shown to have a polymeric 
structure 9 (Scheme III).

In the absence of an external active a carbon the 
electrophilic carbon attacks the nucleophilic carbon in 
intermediate 8. The polymer contains successive 
saturated isoxazole-3,5-dione rings. This fact is well 
observed in the ir spectra where we find two carbonyl 
bands, one at as high frequency as 1825 cm-1 and a



Carbonyl Compounds with 3,5-Dihydroxy-4-phenylisoxazole J. Org. Chem., Vol. 38, No. 10, 1973 1785

S c h e m e  III

Ph

- f0A 0"N

Ph

-N

CH
II
CHR

"1
+ 

CH
li
CHR

8 , R=H,CH3

second at 1730 cm 1 (see Table II), indicating the system which is responsible for its unusual physical 
omission of tautomerism which results in a cyclic properties as well.

T a b l e  II
C a r b o n y l  a n d  H y d r o x y l  A b s o r p t i o n  ( c m - 1 )

C om pd Phase CO O H

1 Nujol 1680 weak 2500-2580
3 Nujol 1780,1700
5 Nujol 1700 3220

CHCh 1810,1700-1730
DMSO 1730

7 Nujol 1735
9 Nujol 1825,1730

anhydride-like structure. The phenyl protons give a 
singlet in the nmr as expected from the nonconjugated 
structure of the polymer (9). The nmr spectra has 
a kind of a diffused feature. This arises not only from 
the polymeric nature of the compound but also from 
the presence of free radicals. It is difficult to explain 
the presence of two superimposed peaks at about g = 2 
in the esr spectrum of 9. One explanation is the resem
blance of the carbon in the 4 position to that in certain 
malonic acid derivatives that undergo easy heterolytic 
fission.7

Dimers (9, n  =  2) could be obtained by carrying out 
the reaction in alcohols (X  = OR) or in wet solvents 
(X  = OH). Acrolein reacts with 1 similarly to croton- 
aldehyde.

Upon treatment of 1 with citral a very stable red 
product is obtained. This product could be obtained 
in a pure crystalline form, but contrary to its analogs 
of the aromatic series (2) it is soluble in aprotic non
polar solvents. This was the only case in which it was 
possible to determine the nmr spectrum of a red isox- 
azolium enolate derivative. Citral consists of two 
isomers geranial and neral. The signals of the +N=-CH 
protons of the two geometric isomers are at <5 8.15 and 
8.20, respectively, and are coupled with the vinylic 
protons (J =  10 Hz). The aromatic protons of the 
phenyl group are split into two multiplets.

The above variety of unusual reactions of 3,5-di- 
hydroxy-4-phenyIisoxazoIe with carbonyl compounds 
and their synthetical applications are being investigated 
further. It seems that the unique chemical reactivity 
arises from the participation of the strongly acidic enol 
and can be classified as neighboring group effect in a 
nucleophilic reaction. The remarkably ready carbon- 
carbon bond formation is a result of the combination 
with the strong electron attraction of the isoxazolone

(7) H. A. P. de Jongh, C. R. H. I. de Jonge, H. J. M. Sinnige, W. J. de
Klein, W. G. B. Huysmans, and W. J. Mijs, J. Org. Chem., 37, 1960 (1972).

Experimental Section
Melting points are uncorrected. Nmr spectra were determined 

with a Varian T-60 spectrometer. Visible and uv spectra with 
a Unicam SP 800A recording spectrophotometer.

Reaction of 3,5-Dihydroxy-4-phenylisoxazole with Acetone.—
3,5-dihydroxy-4-phenylisoxazole (1) which was previously dried 
on P2O5 at 100° in vacuo (10 g) was dissolved with mild heating 
in acetone (15 ml) and kept at room temperature. After 12 hr 
an additional 15 ml of acetone was added and the precipitate was 
suspended in the reaction mixture. This was kept overnight at 
room temperature. The crystals were collected and recrystallized 
by dissolving in chloroform, filtering, and reprecipitating with 
petroleum ether (bp 40-60). The pure crystals of 5 are colorless 
(7.6 g, 48% yield), mp 138°.

Anal. Calcd for Ci6Hi7N 0 4: C, 65.44; H, 6.22; N, 5.09; 
mol wt 275.3. Found: C, 65.56; H, 6.13; N, 5.03; mol wt 275 
(mass spectrum).

5-Alkoxy-2-oxo-3-phenyl-5,7,7-trimethyl-2f/,7H-isoxazolo- 
[3,2-6] [l,3]oxazine (7).—The diacetone derivative (5) (1 g) was 
heated to boiling in alcohol (20 ml). The clear solution which 
resulted was concentrated in vacuo to a small volume. Beautiful 
colorless crystals precipitated on cooling. The product (7) could 
be recrystallized from a small amount of alcohol.

Both in ethanol and methanol the yield was ~ 1  g (90-95% ).
The 5-ethoxy derivative (7, R =  C2H5 ) melted at 123°.
Anal. Calcd for C17H21NO4.: C, 67.31; H, 6.98; N, 4.62; 

mol wt 303.4. Found: C, 67.38; H, 6.80; N, 4.57; mol wt 303 
(mass spectrum).

The 5-methoxy derivative (7, R =  CH3) melted at 135°.
Anal. Calcd for C16H19NO4: C, 66.42; H, 6.62; N, 4.84; 

mol wt 289.3. Found: C, 66.30; H, 6.80; N, 4.81; mol wt 289 
(mass spectrom.).

The Reaction of 3,5-Dihydrosy-4-phenylisoxazole (1) with 
Crotonaldehyde.— Anhydrous 3,5-dihydroxyisoxazole (1) (5 g) 
was dissolved in dry ether (100 ml) and crotonaldehyde (1.8 ml) 
was added while shaking and cooling on ice. The red color which 
was initially formed disappeared and a colorless precipitate was 
formed. The polymer (9) was recrystallized from chloroform- 
petroleum ether (bp 40-60). It melted with decomposition at 
230-240° (3.5 g, 54%).

Anal. Calcd for (Ci.HuNOsk,: C, 68.11; H, 4.84; N, 6.11. 
Found: C, 67.63; H, 4.43; N , 6.28.

On carrying the reaction in ethanol instead of ether a dimeric 
product was obtained (9, n = 1, X  =  OC2H5 ). It turns brownish 
at 150° and decomposes at 230° (4.5 g, 70%).

Anal. Calcd for CjsHjsNiO,: C, 66.66; H, 5.59; N, 5.55; 
C2H60 , 8.92. Found: C, 66.35; H, 5.45; N, 5.62; C2H50 ,
8.89.

In methanol, a similar compound was obtained in about the 
same yield.

Anal. Calcd for C27H26N2O7: C, 66.11; H, 5.34; N, 5.71. 
Found: C, 66.33; H, 5.20; N, 5.56.

An analogous compound but in a lower yield was obtained in 
butanol.

Anal. Calcd for CaoHsiNiO,: C, 67.66; H, 6.06; N, 5.26. 
Found: C, 68.37; H, 6.12; N , 5.01.

The Reaction of 3,5-Dihydroxy-4-phenylisoxazole (1) with 
Acrolein.— Anhydrous 1 was treated as above with acrolein in
stead of crotonaldehyde. In this case the red coloration of the
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T able III
jV-Alkylidene- and ìV-Arylmethylidene- 
4-PHENYLISOXAZOL-5-ONIUM-3-ENOLATES (2)“

M p , V isabsorption,

R
R eg istry

no. M eth od
° c

(dec)
Y ield ,

%
nm  (e),1 

in dioxane
CsHs 37118-32-4 B 215 45 480 (4,000)
C H = C H C H = C
i----------- O------------1

c 6h 5c h = c h

38896-39-8 A 198 55 484 (4 ,300)

37125-34-1 A 235 95 525 (5,000)
2 ,3 -(O M e )2C«Ha 38896-41-2 A 220 60 468 (4,000)
2 ,4 -(O M e )2C sH 3 38896-42-3 A 221 70 466 (4,300)
M -fO M e h C s H j 38896-43-4 A 216 45 468 (2,000)
2 -O H C tH , 38896-44-5 B 204 -205 35 475 (1,000)
3 -O M e-4 -O H C «H i 38896-45-6 B 208 40 460 (2,000)
4 -O M eC 6H 4 38896-46-7 c e 218 85 466 (4,000)
(C H 3) 2C = C H ( C H 2) 2-  38896-47-8 c 104 80 485 (4 ,000)*

C (C H .,)= C H
4 -N M e 2C 6H 4 37118-33-5 A  C c 233 100 408 (25,000)

“ Satisfactory analytical data (± 0 .3 %  for C, H, N ) were re
ported for all compounds in table. b The visible spectra were 
taken in dry dioxane; the values of the molar extinction coef
ficient are approximate because of the instability of these solu
tions, except the 4-dimethylaminobenzvlidene derivative which 
is very slightly soluble in dioxane but the solution is stable in the 
dark. c Requires protection against daylight during prepara
tion and storing. d This compound is considerably soluble in 
organic aprotic solvents like dioxane, tetrahydrofuran, or chloro
form and gives quite stable solutions.

red solution was shaken for a few seconds and petroleum ether 
(bp 40-60) or n-hexane (15 ml) was added. Upon keeping at 4° 
the red crystals separated. They were collected and treated as 
above. The results are summarized in Table III.

Method C.— 3,5-Dihydroxy-4-phenylisoxazole (1) semihydrate 
(1.86 g, 0.01 mol) is dissolved in absolute ethanol (30 ml) and the 
aldehyde (0.01 mol) is added in absolute ethanol (30 ml). After 
being shaken for a few seconds the red crystals are allowed to 
settle for a few minutes and collected by filtration. Decomposi
tion of the product occurs if the solution is kept too long. In the 
case of anisaldéhyde and p-dimethylaminobenzaldehyde protec
tion against daylight is essential during preparation and storing 
of the red product. The results are summarized in Table III.

Decomposition of A'-Benzylidene-4-phenylisoxazol-5-onium-3- 
enolate by Water.— A-Benzylidene-d-phenylisoxazol-S-onium-S- 
enolate (3) (0.53 g) was stirred in tetrahydrofuran (5 ml) at 40° 
while water was added portionwise until the red solution turned 
almost colorless (about 0.4 ml of water). Chloroform (35 ml) 
was added and the mixture was cooled on ice for 3 hr. The white 
crystals (0.32 g) which separated were found identical by mp and 
ir with 3,5-dihydroxy-4-phenylisoxazole (1). The filtrate was 
concentrated in vacuo to 10 ml; a solution of 2,4-dinitrophenyl- 
hydrazine (0.5 g) in ethanol (25 ml), containing some drops of 
concentrated hydrochloric acid, was added; and the solution was 
cooled again for a few hours. 2,4-Dinitrophenylhydrazone of 
benzaldehyde (0.15 g) precipitated and was identified by mp and 
ir spectrum. A better yield of the 2,4-dinitrophenylhydrazone 
(0.3 g) could be obtained by adding the 2,4-dinitrophenylhydra-

T able IV
Nmr D ata of the Reduction Product of 2 with Zinc in A cetic Acid (CsHsCHsCONHCIRAr)

R eg istry  no. A r Solvent 5(C«H S) 5 (C H 2CO ) 5(N H ) s (C h 2N ) 6 (C H 3)

37125-35-2 p-NMe2C6H4 CDCh 7.22 s (5) 3.43 s (2) 5.5 dif. (1) 4.20 d (2) 2 .8 1 s (6)
Acetone-d6 7.26 s (5) 3.50 s (2) dif. 4.20 d (2) 2.80 s (6)
Acetone +  D 20 7.17 s (5) 3.41 s (2) 4.08 s (2) 2.70 s (6)

38896-50-3 2,3 -  (OMe )2C6H3 CDCh 7.05 s (5) 3.43 s (2) 5.6 dif. (1) 4.20 d (2) 3.65 s (3), 3.56 s (3)
3S896-51-4 2,4-(OMe)2C6H3 Acetone-d6 7.16 s (5) 3.43 s (2) 2 .8  dif. 4.20 d (2) 3.65 s (6)

solution could not be observed, but the results were similar. The 
polymeric product was obtained in a low yield (15% ), but the 
dimeric products were obtained in good yields (70-80% ). Analyt
ical results were satisfactory. Spectral properties were also 
similar to the crotonaldehyde products. A similar signal in the 
esr spectrum could be observed at g 2.

The Reaction of 3,5-Dihydroxy-4-phenylisoxazole (1) with 
Mesityl Oxide.— 3,5-Dihydroxy-4-phenylisoxazole (1) (1.77 g) 
was dissolved by heating for 5 min in boiling mesityl oxide (8 ml). 
Alternatively 1 was dissolved in THF (4 ml) and after the addition 
of mesityl oxide (5 ml) the solution was boiled for 3 min. In both 
ways the reaction mixture was cooled in the freezer overnight, 
and the precipitate which deposited was collected and recrystal
lized from chloroform-petroleum ether (bp 40-60). The product 
melted at 140-142° (2 g, 87% yield). Ir, nmr, and elementary 
analysis were identical with the product which was obtained from 
1 with acetone (see above). This product could be also converted 
into the isoxazolo[3,2-6] [l,3]oxazine derivative 7.

iV-Alkylidene- and iV-Arylmethylidene-4-phenylisoxazol-5- 
onium-3-enolates (2). Method A.— 3,5-Dihydroxy-4-phenylis- 
oxazole (1) semihydrate (1.86 g, 0.01 mol) was dissolved in tetra
hydrofuran (30 ml) and the aldehyde (0.01 mol) added in tetra
hydrofuran (15 ml). The solution was shaken for a few seconds 
and kept overnight at 4°. The crystals which separated were 
collected and dried over P20 5 at 100°. In the case of 4-dimethyl- 
aminobenzaldehyde the reaction was carried out in the dark and 
the product was dried and kept in the dark. The results are 
summarized in Table III.

Method B.— 3,5-Dihydroxy-4-phenylisoxazole (1) semihy
drate (1.86 g, 0.01 mol) was dissolved in tetrahydrofuran (30 ml) 
and the aldehyde (0.01 mol) was added in ether (15 ml). The

zine to the decomposition mixture, before adding the chloroform, 
without isolation of (1).

Reduction of A-(p-Dimethylaminobenzylidene)-4-phenylisoxa- 
zol-5-onium-3-enolate with Zinc Powder in Acetic Acid.—N-(p- 
Dimethylaminobenzylidene)-4-phenylisoxazol-5-onium-3-enolate 
(2, R  = p-NMe2CeH4) (2.0 g) was stirred in boiling acetic acid 
(70 ml) and zinc powder (4.5 g) was added portionwise until the 
solution became colorless (25 min). The solution was cooled to 
room temperature and filtered, and a solution of 5%  sodium bi
carbonate (500 ml) was added slowly while being cooled on ice. 
The solution was shaken vigorously to expel excess C 02 and kept 
24 hr at 4°. The solid which precipitated (1.6 g, 90% ) was re
crystallized twice from ethanol, mp 142°.

Anal. Calcd for CnH20N 2O: C, 76.09; H, 7.57; N, 10.44. 
Found: C, 76.04; H, 7.80; N, 10.57.

Nmr data of this compound are summarized in Table IV.
Other derivatives of 2 are unstable in boiling acetic acid and 

therefore could not be reduced in the same way. Only in the 
cases of 2,3- and 2,4-dimethoxybenzylidene derivatives could 
poor yield of the same type of reduction product be obtained. 
They were not completely pure but their spectral properties were 
in agreement with their postulated structure (Table IV).

Registry No.—1, 36190-14-4; 5,38896-53-6; 7 (R = 
Et), 38896-54-7; 7 (R = Ale), 38896-55-8; 9, 38882- 
67-6; 9 (n =  1, X  = OEt), 38896-56-9; 9 (n = 1, 
X  = OMe), 38896-57-0; 9 (n = 1, X  = OBu), 38896-
58-1; acetone, 67-64-1; crotonaldehyde, 4170-30-3; 
mesityl oxide, 141-79-7.
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The stereochemistry of the ring-enlargement reaction of epoxides with nitriles in the presence of strong acids 
to give 2-oxazolines has been investigated. It is shown, mainly by nmr data, that the reaction proceeds with 
inversion and is 100% stereospecific; e.g., cis- and trans-2,3-epoxybutane (4 and 5) with fcenzonitrile give ex
clusively irans-4,5-dimethyl-2-phenyl-2-oxazoline (6 b) and cfs-4,5-dimethyl-2-phenyl-2-oxazoline (7b), respec
tively. A number of new 2-oxazolines have been prepared, and their physical constants, derivatives, and nmr 
spectra are reported. The mechanism of the formation of the 2-oxazolines is discussed.

This paper deals with the acid-catalyzed ring open
ing of epoxides with nitriles to give 2-oxazolines1 
according to the following scheme (eq 1). Oda and

0 CH2_CH2

/ \
/4 5\

+ R C = N  — ►  N,.3 1 0
c h 2 — c h 2

V
1

R

coworkers were the first to report this reaction.2 Us
ing ethylene oxide and benzonitrile with concentrated 
sulfuric acid as catalyst they obtained 2-phenyl-2- 
oxazoline (1) in 19% yield. Using propylene oxide 
and acetonitrile they obtained in 8%  yield a mixture 
of the two positional isomers, consisting of 70% 2,4- 
dimethyl-2-oxazoline (2a) and 30% 2,5-dimethyl-2- 
oxazoline (3a). Using benzonitrile and propylene 
oxide a similar 70:30 mixture of 4-methyl-2-phenyl-2- 
oxazoline (2b) and 5-methyl-2-phenyl-2-oxazoline (3b)

ch3 CH,

o-
\

o
\

Í

✓ o
\

c1 c1 c1
c 6H6

1
R

1
R

1 2a, R = CH3 3a, R - CH3

b, R = C6H5 b, R = C6H5

was obtained. Yields in all these and similar reactions 
w'ere low', between 5 and 21%.

Temnikova and coworkers performed additions to 
substituted styrene oxides with benzonitrile and aceto
nitrile using SnCh as a catalyst.3 Since none of these 
workers had investigated the stereochemistry and 
mechanism of this type of epoxide reaction, wTe under
took the present work.

Results

Acetonitrile and benzonitrile w-ere added to cis- 
and trans-2,3-epoxybutane (4 and 5, respectively) in 
the presence of concentrated sulfuric acid. In all 
cases the corresponding 2-oxazolines according to

(1) F or a recent review  o f  oxazoline chem istry  see J. A . Frum p, C h e m .  
R e v ., 71, 483 (1971).

(2) R . O da, M . O kano, S. Tok iura, and F . M ism ui, B u l l .  C h e m . S o c .  
J a p . ,  35, 1219 (1962).

(3) T . I .  T em n ik ova  and V . N . Y a n dovsk ii, Z h .  O r g . K h i m . ,  4, 178 
(1968); C h e m . A b s t r . ,  68, 78176 (1968 ); T . I . T em n ik ova  and T . E . Zhesko, 
Z h .  O b sh ch . K h i m . ,  33, 3436 (1963); C h e m . A b s t r . ,  60, 1738c (1964).

Rd — C—C— Rc r
N 3 lO

R

eq 1 were obtained, although generally in disappoint
ingly low yield, as already found by Oda and coworkers.2 
The results are summarized in Table I.

Thus in the reaction of cfs-2,3-epoxybutane (4) 
with acetonitrile, the oxazoline formed was trans-
2.4.5- trimethyl-2-oxazoline (6a) exclusively, trans-2,3- 
Epoxybutane (5) on reaction with acetonitrile gave cis-
2.4.5- trimethyl-2-oxazoline (7a) as the sole oxazoline 
isomer.

H-j
CH3

--H

CH*

CH,-j 
H

--H

CH3

6 a, R = CH3

h  R = CeH5

H H
CH3̂  j> CH3

V o
R

7a, R=CH 3 

b, R = C6H5

The stereospecificity of the reaction was best dem
onstrated by examination of the low'-field part of 
the nmr spectra corresponding to the absorption bands 
of the 4 and 5 protons. For the crude reaction prod
uct from the cis epoxide 4, namely the trans 2-oxazoline 
6a, absence of peaks in the region 4.16-4.75 ppm in
dicated that the cis 2-oxazoline 7a was not present. 
Similarly, for cis 2-oxazoline 7a, the product from the 
trans epoxide 5, the absence of peaks in the region
3.18-3.68 ppm indicated that the trans 2-oxazoline 6a 
was not present.

It was likewise shown that the cis epoxide 4, 
when treated with benzonitrile, gave exclusively 
/rGms-4,5-dimethyl-2 -phenyl-2-oxazoline (6b). This 
compound seems, on the basis of the melting point of 
its picrate salt, to be identical with a compound pre-
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pared by Strauss.4 No mention of the stereochemical 
aspects of the compound was made, however. Sim
ilarly, the trans epoxide 5 gave the new compound cis- 
4,5-dimethyl-2-phenyl-2-oxazoline (7b) as the exclu
sive oxazoline.

Thus all reactions examined were found to proceed 
100%  stereospecifically with inversion to give the cor
responding 2-oxazoline of inverted configuration.

Nmr Spectra.-—All nmr data of the 2-oxazolines are 
summarized in Table I.

Our original assignment of the 4- and 5-methyl groups 
and protons was based on the use of the corresponding 
monomethyl compounds, 2,4-dimethyl-2-oxazoline (2a) 
and 2,5-dimethyl-2-oxazoline (3a). A 70:30 mixture 
of these compounds was prepared, using the method 
of Oda and coworkers,2 and separated by gas chro
matography. The structure of these two compounds 
was ascertained by independent synthesis.2 It was 
found that the 4-methyl group in compound 2a 
appeared clearly upheld in comparison with the 5- 
methyl group of oxazoline 3a. Therefore, in the cases 
of the 4,5-dimethyl-2-oxazolines 6a, 6b, 7a, and 7b 
the upheld doublet was assigned to the 4-methyl group 
and the lower held doublet to the 5-methyl group. 
Similarly, the 4-methine proton absorbs at higher held 
than the 5 proton in all cases. All coupling con
stants are consistent with this assignment and the 
assignment agrees with the data reported for other 
2-oxazolines.8“ 8 All spectra were analyzed as X 3ABY3 
systems with Jay =  Jbx — 0.

In all examples studied the coupling constant 
!/ hh between the methyl group and the geminal proton 
was somewhat larger for the 4 position than for the 5 
position. It has been found for other compounds 
that a neighboring t bond can decrease geminal cou
pling constants.9 It is likely that the same effect, 
in our case the C = N  double bond, can also decrease 
the doupling constant between geminal methyl group 
and proton.

Assignment of the Cis or Trans Configuration. —The
assignment of the cis or trans configuration is based 
mainly upon the 4-H,5-H coupling constant. From 
Table I it is seen that the two cis compounds, 7a and 
7b, have a 4-H,5-H coupling constant of 9.0 cps, 
whereas the corresponding two trans compounds, 
6a and 6b, have a coupling constant of 6.0 cps. These 
values agree well with the values observed in other 
cis and trans 2-oxazolines of established structure. 
Generally, cis proton coupling is larger than trans 
proton coupling in five-membered rings, which cannot 
deviate appreciably from planarity as expected from 
the Karplus rule.6’7’8’11,12
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(4) E . Strauss, C h em . B er .,  33, 28 2 5  (1900).
(5) R . F . Lam bert and C . E . Kristofferson, J .  O rg . C h em ., 30, 39 38  

(1965).
(6) T . N ishiguchi, H . T ochio , A . N eb eya , and Y .  Iw akura, J .  A m e r .  

C h em . S o c . ,  91, 58 35 (1 9 6 9 ); J . R . C arson, G . I .  Poos, and H . R . A lm on d , 
J . O rg . C h em ., 30, 22 2 5  (19 65 ).

(7) T . A . F oglia, L . M . G regory, and G . M aerker, J . O rg . C h em ., 35, 
37 7 9  (1 9 7 0 ); T . A . F oglia and D . Swern, ib id ., 34, 1680 (19 69 ).

(8) M . A . W einberger and R . Greenhalgh, C a n . J .  C h em ., 41, 1038  
(1 9 6 3 ).

(9) Reference 10 , p 273 .
(10) L . M . Jackm an and S. Sternhell, “ A pplications of N u clear M a g n etic  

Resonance Spectroscopy in O rganic C h em istry ,”  2n d ed, P ergam on  P ress, 
E lm sford , N . Y . ,  1969.

(11) T . A . Foglia, L . M . G regory, G . M aerker, and S. F . O sm an , J .  O rg . 
C h em ., 36, 1068 (1971).

(12) S. Sternhell, Q uart. R ev ., C h em . S o c ., 23, 23 6  (1 9 6 9 ) ; ref 10 , p  2 8 6  fit.



2-Oxazoline Formation from Epoxides J. Org. Chem., Vol. 38, No. 10, 1973 1789

Further support for the assignment of the cis and 
trans configuration comes from a comparison of the 
chemical shifts at the 4 and 5 positions. The 4- and
5-methyl groups in all compounds examined absorb 
at ca. 0.1 ppm higher field in the cis isomers 
than in the corresponding trans isomers. On the 
other hand, the 4- and 5-methine pretons absorb 
at ca. 0.5 ppm lower field in the cis 2-oxazolines 
than in the trans isomers. This effect can be attributed 
mainly to the diamagnetic anisotropy of the C-methyl 
bond and is found in many cis-trans isomer pairs of 
planar three- to five-membered ring compounds.13 
A methyl group has the tendency to shield a neigh
boring substituent in the cis position and to deshield 
a neighboring substituent in trans orientation. Thus, 
trans 4,5-methyl groups will mutually aeshield each 
other so as to shift both methyl bands to lower field. 
At the same time the 4 and 5 protons will be shielded 
by the neighboring methyl groups and therefore shift 
upfield.13

Likewise, cis 4,5-methyl groups will mutually shield 
each other, causing the methyl bands to appear at 
higher field. The 4,5 protons will now be deshielded 
and therefore move to lower field. A more accurate 
treatment has to take into account the diamagnetic 
anisotropy of the C-H  bonds of the me thine protons14 
and the C-H  bonds of the methyl groups as well as 
the rotation of the methyl groups.15 This does not 
substantially change, however, the above conclusions.

All 2-methyl-2-oxazolines show a long-range cou
pling between the 2-methyl group and the 4 proton (s) 
of ca. 1.5 Hz, as has been reported for other 2-methyl-
2-oxazolines and the similar 2-thiazolines.8,16,17

Infrared Spectra.—All 2-oxazolines show the strong 
band around 1665 cm-1 characteristic of the C = N  
stretch6“ 8,18,19 and a strong band around 1040 cm-1 
which can be assigned to one of the C -O -C  stretching 
modes in agreement with Lundquist and Ruby.19

Discussion
The following general mechanism, illustrated by the 

reaction of the cis epoxide 4 to give the trans 2-oxa- 
zoline 6, seems to account best for the observed re
sults.

Thus the reaction involves one inversion on open
ing of the protonated epoxide ring by the nitrile to 
give the corresponding nitrilium ion 8. This is followed 
by rotation around the C-C bond of the former epoxide 
ring and ring closure to give the 2-oxazoline of inverted 
configuration.

The above mechanism is completely analogous to 
the mechanism proposed by Helmkamp and coworkers16 
for the acid-catalyzed ring expansion of episulfides 
with nitriles to give 2-thiazolines (scheme below, 0  
replaced by S). Here also complete stereospecificity

(13) R eferen ce  10, p  234 ff.
(14) R eferen ce  10, p  78 ff.
(15) J. E lguero and A . Fruchier, B u l l .  S o c .  C h im . F r . ,  496 (1970).
(16) G . K . H elm kam p, P . J. P e ttitt , J. R .  Low ell, Jr., W . R .  In abey  

and R . G . W o lco tt , J .  A m e r .  C h e m . S o c . ,  88, 1030 (1966 ); J. R . Low ell, 
Jr., and G . K . H elm kam p, i b i d . ,  88, 768 (1966).

(17) J. R og gero  and J. M etzger, B u l l .  S o c .  C h im . F r . ,  1715 (1964).
(18) A . R .  K a tritzk y  and A . P . A u bler, “ P h ysica l M eth od s  in H etero

cyclic  C h em istry ,”  V o l. 2, A cad em ic Press, N ew  Y ork , N . Y . ,  1963, p  218; 
J. R .  Carson, G . I .  P oos, and H . R . A lm ond, Jr., J .  O r g . C h e m .,  30 , 2225 
(1965); H . L . W ehrm eister, i b i d . ,  26, 3821 (1961 ); Stadtler Standard 
Infrared Spectra 21053-55.

(19) R . T . L u ndquist and A . R u b y , A p p l .  S p e c t r o s c . ,  20, 258 (1966).

R R
6

was found in all cases, with cis- and ¿rans-2-butene 
episulfide (4 and 5, with O replaced by S) giving ex
clusively ¿rans-2,4,5-trimethyl-2-thiazoline and cis-
2,4,5-trimethyl-2-thiazoline, respectively (6a and 7a, 
O replaced by S), upon reaction with acetonitrile in 
the presence of strong acids.

With respect to ring-expansion reactions of epoxides, 
the example best investigated with respect to the stereo
chemistry seems to be the reaction with xanthates 
to give l,3-dithiolane-2-thiones (“ cyclic trithiocar- 
bonates” ). Here Overberger and Drucker found also 
complete stereospecificity with Walden inversion in all 
examples studied.20 All other ring expansions of 
epoxides21 seem to proceed with predominant, if not 
exclusive, inversion, as do practically all epoxide ring
opening reactions.22

Experimental Section
General Procedures.— Infrared spectra were taken on a Perkin- 

Elmer 137 sodium chloride spectrophotometer. Methylene 
chloride was used as solvent.

Gas chromatography was done on a Yarian Model 90P gas 
chromatograph. Most of the work was done with a 6-ft column 
of 15% Carbowax 20M on Gas-Chrom R.

Nmr spectra were taken on a Varian A-60 nuclear magnetic 
resonance spectrometer. Carbon tetrachloride was used as sol
vent and tetramethylsilane as internal standard.

The microanalyses were performed by the Hoffmann-La 
Roche Corp., Nutley, N. J., to whom we would like to extend 
our thanks.

cis- and trans-2,3-epoxybutane, 4 and 5, respectively, were 
prepared essentially according to the method of Winstein and 
Lucas,23 by addition of HOBr with A-bromosuccinimide to cis- 
and irans-2-butene, respectively, and elimination of HBr with 
aqueous NaOH, using, however, A-bromosuccinimide in place of 
A-bromoacetamide. The epoxides were found to be >99%  pure

(20) C . G . O verberger and A . D ru cker, J .  O r g . C h e m .,  29, 360 (1964).
(21) S. M . Iq b a l and L. N , O w en, J .  C h e m . S o c . ,  1030 (I9 6 0 ) ; E . E . van  

Tam elen , J .  A m e r .  C h e m . S o c . ,  73, 3444 (1951).
(22) A . R osow sk y  in A . W eissberger, E d ., “ H eterocy c lic  C om pou n ds 

w ith T h ree- and F ou r-M em bered  R in gs ,”  P a rt 1, In terscience, N ew  Y ork ,
N . Y .,  1964; R . J. G ritter in S. P ata i, E d ., “ T h e C h em istry  o f  the E ther 
L in ka ge,”  Interscience, N ew  Y o rk , N . Y . ,  1967, p p  3 8 1 -4 1 1 ; R .  E , P arker 
and N . S. Isaacs, C h e m . R e v . ,  59, 737 (1959).

(23) S. W instein  and H , J. Lucas, J .  A m e r .  C h e m . S o c . ,  61, 1576 (1939).



1790 J. Org. Chem,., Vol. 38, No. 10, 1973 IZYDORE AND G h IRARDELLI

on the base of ir and nmr data and gas chromatographic analysis 
as originally assumed by Winstein and Lucas, cis- and trans-2,3- 
epoxybutane, 4 and 5, each gave only one peak on gas chroma
tography on a 6-ft 15% Carbowax 20M on Gas-Chrom R  column. 
A mixture of the two compounds was easily separated at 65°, the 
compounds having retention times of 4.8 and 3.6 min, respec
tively.

cis-2,3-Epoxybutane (4) had nmr X 3A A 'X 3' system; H a  =
2.60-2.94 (two overlapping octets); Hx =  1.19 (multiplet with 
predominating doublet); / ax =  5.4 Hz (first-order analysis).24

trans-2,3-Epoxybutane (5) had nmr X 3A A 'X 3' system; H a  =  
2.32-2.66 (multiplet); H x =  1.21 (doublet); / ax = 4.5 Hz 
(first-order analysis).

General Procedure for Reaction of Epoxides with Nitriles 
Similar to Procedure of Oda and Coworkers.1— A 30-ml portion 
of nitrile (distilled over phosphorus pentoxide) was added to a 
round-bottom flask and cooled in an ice bath; 15 ml of concen
trated sulfuric acid was added slowly with stirring. A mixture 
of ca. 0.15 mol of the epoxide in 30 ml of the nitrile was added 
through the reflux condenser over a period of 1 hr. The mixture 
was then stirred for a period of 3 hr with the ice bath being al
lowed to melt at its own rate and then poured into 100 ml of ice 
water. This mixture was then extracted three times with 100 ml 
of ether and the ether was discarded. The aqueous phase was 
then neutralized with concentrated NaOH and filtered. Next it 
was made strongly basic with NaOH and extracted three times 
with 100 ml of ether. The three ether fractions were combined, 
dried over anhydrous magnesium sulfate, filtered, and distilled. 
The oxazoline was isolated by distillation through a short 
Vigreux column.

A number of attempts were made to seek conditions to improve 
the yield. These include the use of 60% perchloric acid, trifluoro- 
acetic acid, and p-toluenesulfonie acid in place of the concen
trated sulfuric acid, as well as no acid at all. All attempts, in
cluding the use of inverse addition, did not produce better yields.

2,4- and 2,5-Dimethyl-2-oxazolines (2a and 3a).— The general 
procedure was followed using propylene oxide and acetonitrile.

(24) C om pa re ref 10, p 224,

The mixture boiling at 112-114° was collected and separated by 
gas chromatography using a 6-ft column of 15% Carbowax 20M 
on Gas-Chrom R. Quantitative analysis showed the two isomers 
2a and 3a to be in 70:30 proportion. The melting point of the 
picrate of the 2,4 isomer 2a was 130° (lit.2 3 mp 130-131°).

frana-2,4,5-Trimethyl-2-oxazoline (6a).— The general procedure 
was followed using 12.0 g (0.166 mol) of cts-2,3-epoxybutane (4). 
The reaction yielded 1.90 g (10% ) of irans-2,4,5-trimethyl-2- 
oxazoline (6a), bp 115-116°, mp of picrate 152-153°.

¿ra?is-4,5-Dimethyl-2-phenyl-2-oxazoline (6b).— The general 
procedure was followed using 12.0 g (0.166 mol) of the cis epoxide 
4 and benzonitrile as solvent. The reaction yielded 0.95 g (5% ) 
of fnms-4,5-dimethyl-2-phenyl-2-oxazoline, bp 116-118° (11 
mm), mp of picrate 133-134°. Anal. Calcd for C nH ^N /L : 
C, 50.5; H, 3.99; N, 13.86. Found: C, 50.40; H, 4.18; N, 
13.68.

CTs-2,4,5-Trimethyl-2-oxazoline (7a).— This compound was pre
pared according to the general procedure using 12.0 g (0.166 mol) 
of frons-2,3-epoxybutane (5).

Distillation of the product yielded 3.30 g (17% ) of cis-2,4,5- 
trimethyl-2-oxazone (7a), bp 120-122°, mp of picrate 136-137°. 
Anal. Calcd for CWHuN/).: C, 42.11; H, 4.14; N, 16.37. 
Found: C, 42.19; H, 4.31; N , 16.29.

cis-4,5-Dimethyl-2-phenyl-2-oxazoline (7b).— The general pro
cedure was followed using 12.0 g (0.166 mol) of fraras-2,3-epoxy
butane (5) and benzonitrile as solvent. The reaction yielded 
0.60 g (3% ) of cis-4,5-dimethyl-2-phenyl-2-oxazoline (7b), bp 
142-144° (29 mm), mp of picrate 205-207°.

Registry N o.—2a, 6159-23-5; 3a, 6159-22-4; 4, 
1758-33-4; 5, 21490-63-1; 6a, 23336-75-6; 6a picrate, 
38898-94-1; 6b, 38898-95-2; 6b picrate, 38898-96-3; 
7a, 23236-41-1; 7a picrate, 38898-98-5; 7b, 36746-57-3; 
7b picrate, 38899-00-2; propylene oxide, 75-56-9.
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Triethyl phosphonoacetate anion reacted with ( +  )-(2R,3R)-2,3-dimethyloxirane to give predominantly 
( + )-(2S,3S)-2,3-dimethylcyclopropanecarboxylic acid and with cis-2,3-dimethyloxirane to give predominantly 
cis-2,3-dimethylcyclopropane-inms-carboxylic acid. Inversion of configuration must have occurred at both 
carbon atoms to account for these products. In each case minor amounts of stereoisomeric acids were pro
duced. The results are discussed in terms of the overall mechanistic scheme.

The reaction of Wittig type reagents with epoxides 
to form cyclopropanecarboxylic acid derivatives has 
been well documented. Both carboethoxymethylene- 
phosphoranes1'2 and phosphonate anions3-7 have been 
successfully utilized. Although certain aspects of 
the reaction pathway are well understood, there re
mains some disagreement concerning the overall mech
anistic scheme.

(1) D . B . D en n ey , J. J. Vill, and M . J. B osk in , J . A m e r .  C h e m . S o c . ,  84, 
3944 (1962).

(2) W . E . M cE w en , A . B lad é-F on t, and C . A . V ander W erf, J .  A m e r .  
C h e m . S o c . ,  84, 677 (1962).

(3) W . S. W adsw orth , Jr., and W . D . E m m on s, J .  A m e r .  C h e m . S o c . ,  83, 
1733 (1961).

(4) I . T om osk ozi, T e t r a h e d r o n ,  19, 1969 (1963).
(5) I. T om osk ozi, T e t r a h e d r o n ,  22, 179 (1966).
(6) I . T om osk ozi, C h e m . I n d .  { L o n d o n ) ,  689 (1965).
(7) N . C . D eno, W . E . Billips, D . LaV ietes, P . C . Scholl, and S. Schneider,

J .  A m e r .  C h e m . S o c . ,  92, 3700 (1970).

Denney1 postulated a stepwise decomposition of the 
intermediate 4 (process Y  in Scheme I) to give 6 via 
an intramolecular Sn2 displacement. This proposal 
was based on the observation that carboethoxymethyl- 
enetriphenylphosphorane reacted at 200° with cyclo
hexene oxide to form ethyl 7-norcaraneearboxylate 
and with optically active styrene oxide to form optically 
active irans-2-phenylcyclopropanecarboxylate. Den
ney’s inversion mechanism has been supported by 
Tomoskozi4 5 6 7 and Walborsky,8 who established the 
absolute configuration of optically active trans-2- 
phenylcy clopropanecarboxylic acid.

In addition to the inversion mechanism the pos
sibility of a competitive direct collapse of 4 (process X ) 
either through a concerted process or through a zwit-

(8) Y . In ou ye , T . Sugita, and H . M . W alborsky, T e tr a h e d r o n ,  20, 1695 
(1964).
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“ The phosphonate anion 2 is depicted here since it was used 
in this investigation. The carboethoxymethylenephosphoranes 
presumably react in an analogous manner.

terion intermediate to yield 7 has been suggested.4,8-10 
Walborsky argued for the occurrence of the competi
tive direct collapse based on the low optical yields 
of ¿rans-2-phenylcyclopropaneearboxylic acid that had 
been reported by other workers.8

In order to clarify the overall mechanistic scheme, 
the reaction of triethyl phosphonoacetate anion (2) 
with optically active fra«s-2,3-dimethyloxirane and 
with m-2,3-dimethyloxirane was investigated. The 
use of these two epoxides was advantageous in that 
the product ratios of trans- to cfs-2,3-dimethylcyclo- 
propanecarboxylic acids that were formed could be 
directly related to the extent of occurrence of each of 
the two competing processes.

Results

assigned by comparing their gas chromatographic 
retention times with those of authentic samples whose 
preparation and characterization are discussed below.

The anion 2 reacted with cfs-2,3-dimethyloxirane
(12) under milder conditions (24 hr at room tempera
ture) to give after saponification an 18% yield of an 
isomeric mixture of 2,3-dimethylcyclopropanecarbox- 
ylic acids and only a small amount of polymeric prod
ucts. Heating the reaction mixture for 48 hr at re
flux increased the yield to 21%.

On standing the major component partially sepa
rated from the product mixture as a white solid, mp
79-80.5°. Spectroscopic methods proved less than 
diagnostic in establishing its structure, but a com
plete single-crystal X-ray analysis showed its stereo
chemistry to be cis,trans.12 The racemic isomer 9 
was identified by assuming its gas chromatographic 
retention time to be equal to that of 9a. The all- 
cis acid 10 could not be readily isolated, but its struc
ture was inferred from the following evidence. A 
fraction, bp 90.5-91.5° (7 mm), which contained 8% 
10, 87% 11, and 5% 9 correctly analyzed for C6Hi0O2. 
Its proton magnetic resonance spectrum was similar 
to that of pure 11 and did not contain any signals in 
the vinylic region. This ruled out the possibility of 
any ring-opened product. The isomeric mixture was 
converted to its ethyl ester, and then treated with 
sodium ethoxide in ethanol for 43 hr followed by hy
drolysis. Gas chromatographic analysis of the re
sulting mixture showed the presence of 9 and 11 and 
only a trace of 10. No additional components were 
evident. In the proton magnetic resonance spectrum 
the methyl doublet of 10 appeared 5 Hz upheld from 
that of 11. These results, from at least three inde
pendent experiments in each case, are summarized 
in Table I.

T a b l e  I
P e r  C e n t  C o m p o s i t i o n  o f  P r o d u c t  M i x t u r e s  f r o m  R e a c t i o n  

o f  O x i d e s  w i t h  T r i e t h y l  P h o s p h o n o a c e t a t e  A n i o n

,3 -D im eth y lcy c lop rop a n eca rb ox y lic  a cid—«
2,3 -D im eth y l- -̂--------- trans------------- cis,cis cis,trans

oxirane ( +  )-9 a  ( ± ) - 9 10 h

2R,3R (8) 93 6 l
cis (12) 4 6 90

Triethyl phosphonoacetate anion (2) reacted slowly 
with optically pure (+)-(2i2,3fi!)-2,3-dimethyloxirane
(8) to give after saponification a 16% yield of an opti
cally active mixture of the isomeric 2,3-dimethylcyclo- 
propanecarboxylic acids. Heating for 8 days at re
flux was required. Also formed but not characterized 
was a considerable quantity of polymeric products 
which arose from self-condensation of 2 under the 
reaction conditions. Similar results were obtained 
with inactive 8.

Assignment of the 2S,3S configuration to the major 
component 9a was based on thè high optical rotation9 10 11 
of the product mixture, [a ]22d +19.5°, corrected to 
+  21.3° for the presence of the minor components. 
Structures of the m-2,3-dimethyl-as-cyclopropane- 
carboxylic acid 10 and the cis,trans isomer 11 were

(9) S. T rippett, Q u a r t .  R e v . ,  C h e m . S o c . ,  17, 406 (1963).
(10) A . M aercker, O r g . R e a c t . ,  14, 387 (1965).
(11) J. M . W albrick , J. W . W ilson , Jr., and W . M . Jones, J .  A m e r .  C h e m .  

S o c . ,  90, 2895 (1968), p repared  the enantiom er o f 9a , [a ]KD — 10.0°, b y
resolution  o f the in active  acid  9.

Discussion

The forementioned results are consistent with 
Denney’s inversion mechanism, since the major product 
formed in each case requires that its epoxide precursor 
undergo an even number of inversions. The synthesis 
of 9a from 8 and 2 as described herein is superior to 
the previously reported preparation11 in that the overall 
yield is comparable, the *edious process of resolution 
via diastereomers is eliminated, the optical purity is 
higher, and the absolute configuration is known.

Convincing evidence that the direct collapse of 4 
is competing to some extent was the identification 
of the minor components formed in each of the two 
reactions. These are the expected products when 
the starting epoxides undergo ony one inversion, most 
likely to have occurred in the opening of the oxide 
ring. The virtually complete reversal of the relative 
proportions of 10 to 11 produced in each of the two

(12) A. T. McPhail and P. A. Lillian, J. Chem. Soc., Perkin Trans. 2,
2372 (1972).
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reactions would appear to rule out the existence of an 
intermediate common to the production of cis acids 
in each as well as ruling out their origin in contamina
tion of the active oxide by the cis isomer. It is thus 
probable that the 10 and 11 produced from active 
oxide 8 and the (± ) -9  from the cis oxide 12 arose 
through a concerted collapse of the corresponding 
phosphonate esters 4.13

Two factors must be considered in explaining the 
ratio of 10 to 11 produced via Scheme II: the relative 
amounts of 13a and 13b produced, and the relative 
probabilities of processes X  (collapse) and Y  (phos
phonate opening, then rear-side attack) for each.

Given the results obtained we must conclude either 
that 13a is produced in substantially greater amount 
than 13b, or that the portion which follows path X  
(X /Y  ratio) is substantially greater for the former 
than for the latter. The ratio of 10 to 11 produced 
from the cis oxide undoubtedly reflects steric control 
after the phosphonate ring is opened.

Finally, mention should be made of the low reactivity 
of 8 and 12 with the phosphonate anion 2. This 
can be attributed to a steric effect, particularly in view 
of the reported high yields and facile reactions of 2 
with other epoxides.3'4,7 We have observed that 8 
also reacts with other nucleophiles with difficulty. 
Despite this shortcoming, 8 has the possibility of being 
a useful precursor for the synthesis of other types of 
optically active compounds. We are currently in
vestigating this possibility.

Experimental Section14 15
General Procedure for the Reaction of Triethyl Phosphono- 

acetate Anion (2) with 2,3-Dimethyloxirane.— To a stirred mix
ture of 9.65 g (0.23 mol) of 57% NaH in mineral oil and 25 ml of 
dry diglyme was added dropwise a solution of 44.8 g (0.20 mol) 
of triethyl phosphonoacetate in 25 ml of diglyme. After the 
evolution of hydrogen had ceased, a solution of 18.0 g (0.25 mol) 
of 2,3-dimethyloxirane was added. The mixture was stirred at 
the appropriate temperature. Upon completion of the reaction, 
a solution of 30 g of NaOH in 50 ml of water was added dropwise 
with cooling. The mixture was heated at reflux for 22 hr, cooled 
to room temperature, and diluted with 200 ml of water. The 
solution was washed with three 150-ml portions of ether, acidified 
with 50% H2S04, and washed with four 75-ml portions of chloro
form. The chloroform washings were dried (Na2S04) and evap
orated under reduced pressure to give a liquid residue. The 
residue was distilled to give a fraction, bp 75-95°, which was 
dissolved in 40 ml of 10% Na2C 03 and washed with four 25-ml 
portions of chloroform. The carbonate solution was acidified 
with 50% H2S04 and washed with four 20-ml portions of chloro
form. The later chloroform washings were dried (Na2S04) and 
evaporated under reduced pressure to give a liquid mixture of
2,3-dimethyleyclopropanecarboxylic acids. The mixture could 
be further purified by distillation to give an analytical sample.

Reaction of 2 with ( + )-(2R,3R)-2,3-I)iinethyloxirane (8).—  
The reaction of 0.185 mol of 2 with 18.0 g (0.25 mol) of 816'16

(13) A  zw itterion ic in term ediate has been  proposed8 for the case where 
the ca tion ic  center is benzylic, bu t w ou ld  be less likely  in the present case.

(14) M eltin g  points and boiling  p oin ts are u ncorrected . In frared  spectra  
were obta in ed  w ith  a B eck m an  M o d e l 137 in frared spectroph otom eter. 
N u clear m agnetic resonance spectra  were record ed  on a V arian A -60  using 
deu terioch loroform  as a  so lven t and tetram ethylsilane as an intern al refer
ence. O ptica l rotations w ere m easured in a 0 .1 -dm  cell w ith  a Jasco  M od e l 
O R D /U V 5  record ing spectropolarim eter. C on cen tration s are g iven  in  
g /m l.  A n a ly tica l g a s -liq u id  partition  ch rom atograph y  was perform ed on 
a H ew lett-P a ck ard  M o d e l 700 gas chrom atograph  using a 6 ft  X  0 .125 in. 
co lu m n  contain in g 10 %  C a rb ow ax 2 0M  on  8 0 -1 0 0  m esh C h rom osorb  W , 
acid  w ashed and D M C S  treated. P ea k  areas w ere obta in ed  w ith  a disk 
integrator. E lem ental analyses were perform ed b y  A tlan tic  M icro lab , 
In c ., A tlanta , G a.

(15) H . J. Lucas and H . K . G arner, J .  A m e r , C h e m . S o c . ,  70, 990 (1948).
(16) S. W instein  and H . J. Lucas, J .  A m e r .  C h e m . S o c . ,  61, 1576 (1939).
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COOH 
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Me Me

COOH
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was carried out by heating at reflux over an 8-day period to give 
3.65 g (16%) of an isomeric liquid mixture of 2,3-dimethyl- 
cyclopropanecarboxylic acids. .Also isolated as the residue from 
the distillation was a considerable quantity of polymeric material 
which arose from self-condensation of 2. This was verified by a 
separate experiment in which 2 was heated in the absence of 8 
to give the same polymeric material. The isomeric mixture of
2,3-dimethylcyclopropanecarboxylic acids was distilled under 
reduced pressure to give an analytical sample: bp 84-87° (3.6 
mm); [ « ] 22d  +19.5° (c 0.2002, 95% ethanol); ir (neat) 2.9-4.3 
(broad, -O H ), 5.95 (C = 0 ) ,  7.70, 8.14, 9.20, 9.37, and 10.7 m 
(broad); nmr (CDC13) 6 12.06 (s, 1, C 02H), 1.18 (d, J  =  5.8 Hz), 
and 1.5-0.9 (m, 9).

Anal. Calcd for C6Hi0O2: C, 63.14; H, 8.83. Found: C, 
62.92; H, 8.80.

Vpc analysis of the cyclopropanecarboxylic acid mixture at 
175° showed the presence of three components in the ratio of 
6:93:1 in the order of increasing retention time. The major 
component was assigned as ( +  )-(2S,3S)-fraras-2,3-dimethylcyclo- 
propanecarboxylic acid (9a) on the basis of the high optical rota
tion of the mixture.11 The two minor components were identified 
as ds-2,3-dimethyl-cfs-cyclopropanecarboxylic acid (10) and 
ds-2,3-dimethylcyclopropane-fra?is-carboxylic acid (11) on the 
basis of their retention times.

Reaction of 2 with inactive 8 under the same reaction condi
tions gave similar results.

Reaction of 2 with ds-2,3-Dimethyloxirane (12).— From the 
reaction of 0.185 mol of 2 with 14.7 g (0.20 mol) of 12ls at room 
temperature for 24 hr was obtained 3.8 g (18% ) of an isomeric 
liquid mixture of 2,3-dimethylcyclopropanecarboxylic acids. 
Heating the reaction mixture at reflux for 38 hr increased the 
yields to 21% . Distillation of the isomeric mixture under re
duced pressure gave an analytical sample: bp 88.5-94.0° (7
mm); ir (neat) 2.9-4.3 (broad, -O H ), 5.95 (C = 0 ) ,  7.65, 7.70,
7.80, 8.14, 9.25, and 10.6 n (broad); nmr (CDC13) S 11.62 (s, 1, 
C 02H ), 1.12 (d, J  =  5.0 Hz), 1.03 (d, J  = 5.0 Hz), and 1.7-0.7 
(m, 9).

Anal. Calcd for C6H io0 2: C, 63.14; H, 8.83. Found: C, 
63.00; H, 8.80.

Vpc analysis of the mixture at 175° showed the presence of 
three components in the ratio of 6 :4 :90 in order of increasing 
retention time. On standing, the major component partially 
crystallized from the mixture as a white solid: mp 79-80.5°;
ir (Nujol) 2.9-4.3 (broad, -O H ), 5.95 (C = 0 ) ,  7.65, 7.70, 8.14,
9.25, and 10.6 n (broad); nmr (CDC13) 5 11.75 (s, 1, C 0 2H ),
1.12 (d, J  =  5.0 Hz), 1.8-0.9 (m ,9).

A complete single-crystal X-ray analysis determined its con
figuration as 11.12 The minor component 9 (4%  of mixture) was 
assumed to display the same vpc retention time as the active 
isomer. The minor component 10 (6%  of mixture) was identi
fied on the basis of the spectral, vpc, and elemental analysis data.



Preparation of Ethyl 2,3-Dimethylcyclopropanecarboxylates 
(Mixed Isomers) (14).— To 2.6 g (0.022 mol) of thionyl chloride 
was added dropwise a solution of 2.0 g (0.017 mol) of a mixture of
2,3-dimethylcyclopropanecarboxylic acids consisting of 4%  9, 
6%  10, and 90% 11 in 5 ml of benzene. The reaction mixture 
was stirred at room temperature for 90 min and then heated at 
reflux for 90 min. After cooling to room temperature, 10 ml of 
absolute ethanol was added dropwise. The solution was evap
orated under reduced pressure to give a liquid residue. Dis
tillation gave 1.60 g (67%) of isomeric ethyl 2,3-dimethylcyclo- 
propanecarboxylate (14): bp 53-56° (7 mm); ir (neat) 5.82
(C = 0 ) ,  7.65, and 8.50 y (COC); nmr (CDC1„) 5 4.03 (m, 2, 
OCH2CH3, J =  7 Hz), 1.7-0.8 (m, 12).

Anal. Calcd for C8Hi40 2: C, 67.57; H, 9.92. Found: C, 
67.37; H, 9.99.

A solution containing 1.35 g of 14 and 0.015 mol of sodium 
ethoxide in 40 ml of absolute ethanol was heated at reflux for 43 
hr. A solution of 10 g of NaOH in 15 ml of water was added

( D ia l k y l a m i n o ) m e t h y l o x o s u l f o n iu m  M e t h y l id e s

dropwise, and the reflux was continued for 4 hr. The ethanol was 
removed under reduced pressure and the remaining aqueous 
solution was washed with three 15-ml portions of chloroform, 
acidified with 50% H2SO4, and washed with three additional 15- 
ml portions of chloroform. The latter chloroform washings were 
dried (Na2S04) and evaporated under reduced pressure to give
1.0 g of 2,3-dimethylcyclopropanecarboxylic acids. Vpc analysis 
showed the presence of 9 and 11 and only a trace of 10. No addi
tional component was evident.

Registry N o.—2, 38868-10-9; 8, 1758-32-3; (± )-9 , 
20431-63-4; 9a, 20431-72-5; 10, 34669-52-8; 11,
34669-51-7; 12,1758-33-4; 14,17214-87-8.
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Dimethylsulfoximine, prepared from dimethyl sulfoxide, was dialkylated to give (X,X-dimethylamino)- and 
(A,A-diethylamino)dimethyloxosulfonium fluoroborate. Reaction of these salts with sodium hydride in a 
variety of aprotic solvents gave methylides. These ylides are effective as nucleophilic methylene transfer re
agents; reactions with electrophilic alkenes yield cyclopropanes, while aldehydes and ketones react to give ox- 
iranes.

In the past decade the chemistry of sulfur ylides 
has been an area of substantial interest.2 The di- 
methylsulfonium and dimethyloxosulfonium methyl
ides introduced by Corey and Chaykovsky are very 
useful synthetic reagents.3 These ylides have been 
used to transfer a methylene group in a stepwise 
fashion across the double bond of a carbonyl or an 
electrophilic olefin to yield an epoxide or a cyclo
propane, respectively. The transfer of more complex 
groups has also been achieved.4

The observation in this laboratory that ylides de
rived from (dimethylamino)alkylaryloxosulfonium fluo- 
roborates6 were capable of transferring alkylidene groups 
prompted us to undertake a study of the preparation 
and chemistry of an ylide derived from dimethylsul
foximine. This ylide would be accessible to the syn
thetic organic chemist and could serve as a model 
for ylides derived from other symmetrical dialkyl 
sulfoximines.

The first goal of this work was to prepare an ylide 
from dimethyl sulfoxide (DMSO) in as few steps as 
possible. Dimethylsulfoximine (1) could be pre-

(1) (a) P a rt X X X I X  in  the series “ C h em istry  o f  Sulfoxides and R ela ted
C om p ou n d s.”  W e  gra tefu lly  acknow ledge su pport b y  the N ation a l Science 
F ou n dation  (G P  19623). (b ) N ation a l Science F ou n dation  G raduate
Trainee, 1968-1971.

(2) A . W . Johnson , “ Y lid  C h em istry ,”  A cad em ic Press, L on d on  an d  N ew  
Y ork , 1966.

(3) (a) E . J. C orey  and M . C h a yk ovsk y , J .  A m e r .  C h e m . S o c . ,  84, 867 
(1962); (b ) i b i d . ,  3782 (1962 ); (c) i b i d . ,  86, 1640 (1964 ); (d ) i b i d . ,  87, 1353 
(1965); (e) H . K on ig , F o r t s c h r .  C h e m . F o r s c h . ,  9, 487 (1968).

(4) (a) E . J. C orey  and W . O ppolzer, J .  A m e r .  C h e m . S o c . ,  86, 1899 (1964); 
(b ) E . J. C orey, M . Jau~elat, and W . O ppolzer, T e tr a h e d r o n  L e t t . ,  2325
(1967 ) ; (c) G . B . P ayne, J .  O r g . C h e m .,  32, 3351 (1967 ); (d ) i b i d . ,  33, 1284
(1968 ) ; (e) G . B . P a yn e and M . R . Johnson , i b i d . ,  33, 1285 (1968); (f) G . B . 
Payne, ib id . ,  33, 3517 (1968).

(5) (a) C . R . Johnson , E . R . Janiga, and M . H aake, J .  A m e r .  C h e m . S o c . ,  
90, 3890 (1968); (b ) C . R .  Johnson , M . H aake, and C . W . Schroeck, i b i d . ,  
92, 6594 (1970).

pared in 85% yield from DMSO using 1.1 equiv of 
hydrazoic acid, generated in a chloroform slurry from 
sodium azide and sulfuric acid.6 The A’j./V'-diethyl 
salt (2)7 was chosen as the model ylide precursor. 
The choice of the .A,A-diethyl derivative was prompted 
by the fact that triethyloxonium fluoroborate, the 
alkylating agent of choice, requires one less step in 
its preparation than trimethyloxonium fluoroborate. 
The dialkylation of the crude sulfoximine was accom
plished in one flask using excess sodium carbonate 
as a base to give 2 in 81% yield. A similar procedure 
gave (dimethylamino) dimethyloxosulfonium fluorobo
rate (3) in 85% yield. Beth salts were stable, white, 
crystalline solids.

O
II NaN., H ,SO ,

CBjSCHs----- ---------

0
II

ch3sch3
II
NH
1

0
ll+ .

ch3s+ch2
1

NR,
4, R = C2H5
5, R = CH3

| r 3o +b f 4

NaH
DMSO

0
ll+

ch3s+ch3
1
NR,

2, R = C,Hr,
3, R = CH3

b f 4"

(Diethylamino) methyloxosulfonium methylide (4) 
was readily prepared by dissolving the salt 2 in DMSO

(6) H . R . B en tley  and J. K . W hitehead , J . C h e m . S o c . ,  2081 (1950).
(7) H . Schm idbaur and G . K am m el, C h e m . B e r . ,  104, 3241 (1971), have 

recen tly  described the preparation  o ; salts 2 and 3 and the corresponding 
ylides 4 and 5. Their interest was largely  in the preparation  and stu d y  o f 
spectral properties.
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T a b l e  I 
C y c l o p r o p a n e s

Substrate

Benzalacetophenone
R eg istry  no.

94-41-7
P rod u ct

Fh%

V \ Ph
«

R eg istry  no.

1145-92-2

Yield,
93

Methyl cinnamate 103-26-4
0

ph.

' V \ 0¡Me 5861-31-4
82

Pulegone 89-82-7 c h 3 52

c h3

38709-59-0 (trans) 
38709-60-3 (cis)

Mesityl oxide
HjCa

CHj CCH3
II

62

0

2-Cyclohexenone 930-68-7 0

6 >
5771-58-4

60

irans-l,4-Diphenyl-2-butene-l,4-dione 0
II

PhC._

II

62

h
0

Phenyl styryl sulfone 5418-11-1 Ph,

VVph 21309-15-9
80

Cinnamonitrile 4360-47-8 Ph

' ''''V s' CN

5279-82-3 (cis) 
5590-14-7 (trans)

49‘

2-(l-Phenyl)vmyl-4,4,6-trimethyl-5,6-
dihydro-l,3-oxazine 38709-86-3 A

Ph

38709-65-8

75

a-Bromoacetophenone 70-11-1 0
II

3481-02-5 25
P h - C — <|

“ Composition: 21% cis and 79% trans; in addition, /3-methylcinnamonitrile (9% ) was produced.

(distilled from calcium hydride) and adding it to a 
stirred slurry of sodium hydride in DMSO under a 
cover of nitrogen. After 10-15 min a clear solution 
of 4 was obtained. Ylide 4 was stable for extended 
periods at room temperature; it was found that at 
52° the ylide had a half-life of approximately 40 hr. 
Solutions of the ylide were also prepared in dimethyl- 
formamide (DMF) and tetrahydrofuran (THF). Gen
eration of the ylide 4 in THF required several hours 
owing to the heterogeneous nature of the reaction 
mixture. After the ylide was prepared in THF the 
fluoroborate salts could be filtered off and standard
ized solutions of 4 could be stored under nitrogen for 
several weeks in the refrigerator. In general, however, 
the ylide was prepared shortly before use. (Dimethyl- 
amino) methyloxosulfonium methylide (5) was pre
pared in the same manner as 4.

DMSO was the solvent of choice in nearly all of the 
methylene transfer reactions. A qualitative kinetic 
study showed that the ylide reacted more rapidly in 
DMSO than in DMF. However, the major advantage 
of DA ISO over other solvents lies in its greater solubility 
in water, allowing most of it to be easily removed 
by an aqueous wash. High water solubility also aided

in the removal of the sulfinamide produced during the 
reaction. Chromatography over a short column of 
silica was found to be the most convenient method of 
product purification. Distillations were carried out 
when very volatile products were produced. Several 
methylene transfer reactions were run using both 
ylide 4 and ylide 5; there was no notable difference 
in reactivity.

The ylide 4 was treated with a variety of a,0-un- 
saturated ketones, esters, sulfones, nitriles, and amides 
to give the corresponding cyclopropanes (Table I). 
These reactions are believed to occur stepwise via 
addition of the ylide to the substrate to give betaine 
6 followed by ring closure with displacement of sul
finamide 7.

O “ CHX 0

4 r c h = c h x > CH3S+— Ch J tH —  V \  +  CH.jSNEt,

The rate of the ylide reactions with substrates of 
this nature seems to be dependent largely on the ease 
of betaine formation. Steric hindrance to attack by
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the ylide 4 was observed to slow the rate of reaction 
substantially; a rapid reaction occurred with 2-cy- 
clohexenone while pulegone and mesityl oxide reacted 
at much slower rates. The stability of the betaine 
which is formed also seemed to influence the rate 
of these reactions. Qualitatively, there is a good 
correlation between the pR a of an aliphatic sulfone, 
ketone, nitrile, or ester and the rate of reaction with 
substrates in which these groups stabilize the betaine. 
Phenyl styryl sulfone and benzalacetophenone reacted 
rapidly, while cinnamonitrile and methyl cinnamate 
required longer periods of time for complete reaction. 
Attempts to add the ylide to methyl styryl sulfone 
and cinnamide were not successful even after long 
periods of time and use of large excesses of ylide. (In 
the reaction medium these substrates may exist largely 
as their anions.)

The reaction of the ylide with benzalacetophenone 
was found to give a 93% yield of ¿rons-l-benzoyl-2- 
phenylcyclopropane. The observation of the exclu
sive or predominant formation of trans cyclopropanes 
during the course of this study points toward the ex
istence of the proposed betaine intermediate 6.8 A 
mixture of cis and trans cyclopropanes was obtained 
from cinnamonitrile; this suggests that because the 
cyano group is smaller than some of the other groups 
(benzoyl, carbomethoxy, or phenyl sulfone) investi
gated, the ring closure of the different betaine con- 
formers can complete effectively.

During the course of this work Meyers and co
workers9 reported the use of 4,4,6-trimethyl-5,6- 
trimethyl-5,6-dihydro-l,3-oxazines as precursors to 
a variety of aldehydes. It was found that the ylide 
4 reacted smoothly with 2-(l-phenylvinyl)-4,4,6-tri- 
methyl-5,6-dihydro-l,3-oxazine (8) to give a 75% 
yield of the corresponding cyclopropane (Table I). 
The cyclopropyl compound was reduced -with neutral 
sodium borohydride and hydrolyzed with oxalic acid 
to give an 81% yield of 1-phenylcyclopropanecar- 
boxaldehyde.

Ph
8 9

Several other vinvloxazines (9) (R = alkyl or aryl) 
were prepared by dehydration of the corresponding 
alcohols. All of these vinyloxazines failed to react 
with the ylide 4. In related work it was observed that 
the anion of dimethyl-A-p-toluenesulfonylsulfoximine10 
and dimethyloxosulfonium methylide also Tailed to 
add across the double bond of these oxazines. These 
failures only serve to emphasize the importance of the 
betaine stability in this type of ylide reaction. The 
phenyl group in the betaine formed as an intermediate 
in the addition of the ylide 4 and 8 afforded the sta
bilizing effect which was needed but was not available 
in the other systems.

(8) C . R . Johnson and C . W . Schroeck, J .  A m e r .  C h e m . S o c . ,  93, 5303 
(1971).

(9) (a) A . I. M eyers, A . N abeya , H . W . A dickes, and I . R . P olitzer, i b id . ,  
91, 763 (1969); (b ) A . I . M eyers, H . W . A d ickes, I. R . Politzer, and W . N. 
B everung, ib id . ,  91, 765 (1969).

(10) C . R . Johnson and G . F . K atekar, i b i d . ,  92, 5753 (1970).

Cyclopropyl phenyl ketone was prepared by the 
reaction of 3.3 equiv of the ylide 4 with a-bromo- 
acetophenone; DMF was used as a solvent owing to 
the known affinity of DMSO to react with ce-halo 
ketones to give glyoxals.11 There was only a 25% 
yield of isolated product, but the reaction did demon
strate the ylide’s ability to introduce two methylene 
groups by successive reactions; phenyl vinyl ketone 
is presumed to be an intermediate in this reaction. 
Earlier examples of this type of double methylene 
insertion reactions with dimethyloxosulfonium methyl
ide had been observed by Bravo and coworkers.12

A-p-Tolyl-2-pyrrolidone (11) was observed as the 
major product from the reaction of the ylide 6 with 
p-acrylotoluidide. Konig and Metzger13 reported a 
similar result when the dimethyloxosulfonium meth
ylide was treated with this substrate. A logical mech
anism to explain this observation involves proton 
transfer from nitrogen to carbon to give intermediate 
10, which then undergoes ring closure to the pyrroli- 
done 11.

0 0
ll+ II -

C H 3S  C H 2C H 2C H 2C N C 6H (C H 3-p  

NEt2
10

It was found that epoxides were formed in the re
action of the ylide with several aldehydes and ketones 
(Table II). As would be expected, aldehydes reacted

C 6H 4C H 3.p
11

T a b l e  II 
E p o x i d e s

Substrate P rodu cts Y ield , %

B en zaldehyde
O

C A — ^ 57

p -C h lorobenzaldehyde
0

P-CIC Ä— ^ 62

4-ieri-B utylcyclohexanone %=/ 72

H eptanal
0

n-CeH13— ^ 37

C ycloh eptan on e
0a 42

4-M eth y lcycloh exan on e ✓ - - A 42

more rapidly than ketones. In general, best results 
were obtained using a 30-100% excess of ylide coupled 
with short reaction times.

When 4  reacted with 4-ferf-butylcyclohexanone 
only the Z epoxide was produced. Dimethyloxo
sulfonium methylide is reported to display a similar 
stereospecificity, while dimethylsulfonium methylide 
gave predominantly the E epoxide.3d

(11) N . K orn blu m , W . J. Jones, and G . J. A nderson , i b i d . ,  81, 4113 (1959).
(12) R . B rav o, G . B audiano, C . T ieozzi, and A . U m a n i-R on ch i, T e t r a 

h e d r o n  L e t t . ,  4481 (1968).
(13) H . K on ig , H . M etzger, and K . Seelert, C h e m . B e r . ,  98, 3712 (1965).
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Experimental Section
General.— Melting points were determined with a Thomas- 

Hoover capillary melting-point apparatus and are uncorrected. 
Boiling points are also uncorrected. The microanalyses were 
performed by Midwest Microlabs, Inc., Indianapolis, Ind. 
The ir spectra were recorded on Perkin-Elmer infrared spec
trophotometers, Models 137B and 621. The nmr spectra were 
taken on Varian spectrometers, Models A-60A and T-60, with a 
sweep width of 500 Hz; tetramethylsilane was used as the internal 
standard. Vapor phase chromatography was performed on F 
& M  Models 5750 and 720 (thermal conductivity) chromato
graphs with 0.25-in. columns. The mass spectral data were ob
tained on either an Atlas CH4 or an AEI MS9 spectrometer mass. 
Many of the authentic samples used in comparisons had been 
previously prepared in our laboratory by ylide reactions.6

Dimethylsulfoximine ( l ) .6— In a 2-1. flask equipped with a 
condenser, a mechanical stirrer, and an addition funnel, a mix
ture of 50 g (0.64 mol) of dimethyl sulfoxide, 46 g (0.71 mol) of 
sodium azide, and 570 ml of chloroform was cooled in an ice bath. 
Concentrated sulfuric acid (160 ml) was added to this slurry 
over a period of 1 hr. The mixture was slowly warmed to 42° 
and stirred at this temperature for 24 hr. After cooling, all the 
solids were dissolved in water, the chloroform layer was sepa
rated, and the aqueous layer was washed with two 150-ml por
tions of chloroform. The aqueous layer was made slightly alka
line using a 40% sodium hydroxide solution. The water was then 
removed on a rotary evaporator and the resulting salts were 
washed with 2 1. of warm ethanol. Removal of the ethanol and 
washing the ethanol-soluble salts with 500 ml of methylene 
chloride gave 51.5 g (87%) of the sulfoximine as a crystalline 
solid, nmr (CDC13) 6 3.10 (s, 6, CH3), 2.84 (s, 1, NH).

(Diethylamino)dimethyloxosulfomum Fluoroborate (2).— In a
1-1. erlenmeyer flask fitted with a drying tube, 20.5 g (0.22 mol) 
of dimethylsulfoximine was dissolved in 300 ml of dry methylene 
chloride and cooled in a water bath. To this solution 45 g (0.24 
mol) of triethyloxonium fluoroborate14 was added as the reac
tion was stirred vigorously with a magnetic stirrer. After 15 
min 110 g (1.04 mol) of anhydrous sodium carbonate was added 
and the reaction was allowed to stir for 3 hr. Then another 45 g 
of the triethyloxonium fluoroborate was added and the mixture 
was allowed to stir for 1 hr. The inorganic salts were removed 
and then washed with 3 1. of warm ethanol. The methylene 
chloride was removed and that material was added to the ethanol 
solution, which was reduced to about 2/ 3 of its original volume. 
At this point cooling gave 44 g of the crude sulfoximine salt. 
Recrystallization from ethanol gave 42 g (81%), of salt 2: mp
107-108°; ir (Nujol) 1250, 1140-1000 cm “ 1 (BF4“ ); nmr (DM- 
SO-d6) S 4.05 (s, 6, CH3), 3.86-3.44 (q, 4, CH2), 1.42-1.18 (t, 6, 
CH3).

A n a l .  Calcd for C6Hi6BF4NOS: C, 30.40; H, 6.80. Found: 
C, 30.55; H, 6.98.

(Dimethylamino)dimethyloxosulfonium Fluoroborate (3).— A 
procedure, identical with that used to prepare 4 using trimethyl- 
oxonium fluoroborate as the alkylating agent, was followed. 
At the conclusion the carbonate salts were washed with 2 1. of 
warm methanol. Recrystallization from methanol gave 39 g 
(85%) of the salt 3: mp 146-147°; ir (Nujol) 1240, 1140-1020 
cm -' (BF4- ) ;  nmr (D M SO-*) S 4.0 (s, 6, SMe), 3.06 (s, 6, 
NM e).

A n a l .  Calcd for C4Hi2BF4NOS: C, 22.98; H, 6.17. Found: 
C, 23.25; H, 5.89.

(Diethylammo)methyloxosulfonium Methylide (4). A. 
Preparation in DM SO.— In a 50-ml three-necked flask equipped 
with a stirrer, an additional funnel, a gas inlet tube, and a serum 
stopper was placed 11 mmol of sodium hydride (as a 59.4% dis
persion in mineral oil), and 5 ml of DMSO (distilled from calcium 
hydride) under a cover of nitrogen. To this, 2.60 g (11 mmol) 
of (diethylamino)dimethyloxosulfonium fluoroborate (2) in 12 
ml of DMSO was added through the addition funnel over a period 
of 15 min with good stirring. There was a vigorous evolution 
of hydrogen, and the mixture was kept at room temperature with 
the aid of a water bath. After a few minutes a clear solution was 
obtained. An identical procedure can be used to prepare (di- 
methylamino )methyloxosulfonium methylide (5).

B. Preparation in THF .— The same apparatus as described 
above was used. The sodium hydride and the fluoroborate were 
placed in the flask as dry solids. The THF (distilled from sodium

(14) (a) H . M eerw ein, O r g . S y n . ,  46, 113 (1966); (b ) i b i d . ,  46, 120 (1966).

dispersion) was then introduced into the reaction flask all at once, 
and the heterogeneous mixture was stirred for several hours 
while being kept in room temperature with a water bath. The 
inorganic salts could be filtered off under nitrogen and a solution 
of the ylide 4 could be stored in a refrigerator for several weeks. 
In most cases no effort was made to remove the inorganic salts, 
and the ylide solution was used soon after its preparation.

Methylene Transfer Reactions.— In general, the reaction mix
tures were poured into 100 ml of water and the product was ex
tracted three times with 50-ml portions of ether. The ether 
solution was dried over magnesium sulfate and evaporated at 
reduced pressure. Chromatography over an 18 X 0.5 in. column 
of silica gel eluting first with 100 ml of pentane followed by ben
zene gave the desired products in a high state of purity. In 
several cases when the product was very volatile the crude 
product was purified by a short-path distillation.

iraws-l-Benzoyl-2-phenylcyclopropane.— To a stirring solution 
of ylide 4 (11 mmol) in 17 ml of DMSO was added a solution of
2.08 g (10 mmol) of benzalacetophenone in 8 ml of DMSO over a 
period of 10 min. The mixture was allowed to stir at room tem
perature for 4 hr. Work-up and chromatography yielded 2.08 g 
(94%) of an oil which solidified upon standing. The infrared 
spectrum was identical with riiat of a known sample: ir (film)
1670 cm“ 1 (C = 0 ) ;  nmr (CDC13) 5 8.27-7.1 (m, 10, aryl), 3 .0 -
2.45 (m, 2, COH and CH), 2.0-1.2 (two m, 2, CH2).

Methyl irans-2-Phenylcyclopropylcarboxylate.— Ylide 4 (12 
mmol) was prepared in 17 ml of DMSO. A solution of 1.62 g 
(10 mmol) of methyl cinnamate in 8 ml of DMSO was added 
over a period of 30 min. The reaction mixture was allowed to 
stir for 48 hr at room temperature. Work-up and chroma
tography gave 1.45 g (82.5%) of the cyclopropyl ester. The 
product was one component by glpc analysis on a 8 ft X 0.25 in., 
20% DECS on C-W column at 180°: ir (film) 1730 cm -1 (C = 0 ) ;  
nmr (CDC13) 6 7.5-6.0 (m, 5, aryl), 3.67 (s, OCH3), 2.7-2.3 (m, 
1, CH C02), 2.1-1.1 (m, 3, CHCH2).

A n a l .  Calcd for CnHi20 2: C, 74.98; H, 6.86. Found: C, 
74.70; H, 6.93.

Cyclopropyl Phenyl Ketone.—Ylide 4 (31 mmol) was prepared 
in 28 ml of DM F at 0°. a-Bromoacetophenone (1.92 g, 9.65 
mmol) in 20 ml of DM F was added over a period of 30 min. The 
reaction was stirred in an ice bath for 12 hr and at room tem
perature for 6 hr. Work-up and chromatography gave 0.35 g 
(25%) of the cyclopropyl ketone. The infrared spectrum and 
glpc behavior were identical with that of an authentic sample; 
nmr (CDC13) 6 8.2-7.2 (2, m, 5, aryl), 2.9-2.4 (m, 1, OCCH),
1.4-8.0 (m, 4, cyclopropyl).

Reaction of the Ylide with Cinnamonitrile.— The ylide 4 (20 
mmol) was prepared in 20 ml of DMSO. Cinnamonitrile (1.29 
g, 10 mmol) was added and the reaction was stirred at 50° for 24 
hr. The reaction mixture was poured into ice water and ex
tracted with ether. The ether was dried with magnesium sul
fate and evaporated. After work-up the crude product was 
chromatographed over silica gel to give 0.83 g (58%) of product. 
Glpc analysis (10 ft X 0.25 in., 15% DEGS on Diaport S at 
210°) indicated the presence of three components, A, B, and C, 
with retention times of 10.5, 13.2, and 18.7 min in a ratio of 
16:66:18. These three components could be separated by 
tedious chromatography on silica gel or by preparative glpc 
using a 6 ft X 0.75 in., 20% DEGS on Chromosorb W column.

Component A had ir (film) 2225, 1610, 1570, 790, 755 cm -1; 
nmr (CDC13) 5 8.35 (s, 5, aryl), 5.54 (q, 1, J  =  1.1 Hz, CH), 2.4 
(d, 3, /  =  1.1 Hz, CH3). On the basis of the spectral evidence 
component A was assumed to be (¡-methylcinnamonitrile. A 
(200 mg) was stirred in 10 ml of 2 N  sodium hydroxide in an oil 
bath at 100° for 24 hr. After cooling the mixture to room tem
perature it was diluted with 15 ml of water and washed with ether. 
The water layer was acidified and extracted with ether. The 
ether was dried and evaporated to give 194 mg of a solid, mp 
96-97°. This compares well with mp 98° for /3-methyleinnamic 
acid.15

Component B could be obtained as a crystalline solid: mp
51-52° from ether-pentane; ir (film) 2250, 1610, 1500, 1460, 
1400, 750, 690 cm“ 1; nmr (CDC13) 5 7.5-6.9 (m, 5, aryl), 2 .8-
2.4 (m, 1, CHCN), 1.7-1.4 (m, 3). Hydrolysis of B in 2 N  
NaOH gave irares-2-phenylcydopropanecarboxylic acid, indicat
ing that B is the corresponding nitrile.

(15) L. Kh. Vinograd and N. S. Vul’ fson, J. Gen. Chem. USSR, 29, 2656
(1959).



Component C could be obtained as a crystalline solid: mp 
37° from ether-pentane; ir (film) 2250, 1610, 1500, 1460, 760, 
730 , 690 cm “ 1; nmr (CDC1,) 8 7.3 (s, 5, aryl), 3.3-2.8 (m, 1 , 
CHCN), 2.0-1.1 (m, 3). Basic hydrolysis of C in 2 N  NaOH at 
reflux for 48 hr gave as-2-phenylcyclopropanecarboxylic acid. 
These data indicate that C is cis-2-phenylcyclopropanecarboni- 
trile.

Reaction of Ylide 4 with p-Acrylotoluidide.—The ylide 4 was 
prepared by stirring 4.40 g (186 mmol) of 2 and 0.446 g (186 
mmol) of sodium hydride in 16 ml of DMSO. A solution of 2.0 g 
(124 mmol) of p-acrylotoluidide in 8 ml of DMSO was added and 
the reaction mixture was allowed to stir for 24 hr at room tem
perature. After work-up the product was chromatographed 
over alumina and eluted with benzene to give 1.07 g (50%) of 
A-p-tolyl-2-pyrrolidone (11) and 190 mg (9% ) of a material 
assigned the structure 3-(3'-AT-p-tolyl-2-pyrrolidone)-Ar-p-tolyl- 
propionamide. Both compounds were crystalline solids, mp 
86-87° (lit.16 mp 88-89°) and 190-191°, respectively. N-p- 
Tolyl-2-pyrrolidone had ir (CHC13) 1680, 1505, 1390, 1300 cm -1; 
nmr (CDC13) 8 7.4-6.9 (2 d, 4, aryl), 3.86-3.50 (t, 2, OCH2), 
2.77-1.67 (m, 4, ring), 2.36 (s, 3, CH„). 3-(3'-A-p-Tolyl-2- 
pyrrolidone)-A'-p-tolylpropionamide had ir (CHCh) 3430, 1660, 
1520 cm -1; nmr (CDC13) 5 7.6-6.9 (m, 8, aryl), 4.5-4.1 (t, 2, 
COCH2), 2.8-1.7 (m, 13).

Reaction of the Ylide 4 with Pulegone.— Ylide 4 (11.5 mmol) 
was prepared in 15 ml of DMSO. A solution of 1.52 g (10 
mmol) of pulegone in 10 ml of DMSO was added and the reac
tion mixture was stirred at room temperature for 48 hr. Follow
ing work-up, chromatography of the crude product over silica 
gel gave 0.87 g (52%) of a 60:40 mixture of the diastereomeric 
cyclopropanes, ir (film) 1710 cm -1.

Anal. CalcdforCuH nO: C, 79.46; H, 10.91. Found: C, 
79.28; H, 10.99.

2-( 1-Phenyl )cyclopropyl-4,4,6-trimethyl-5,6-dihydro-1,3-ox- 
azine.— The ylide 4 (15 mmol) was prepared in 15 ml of DMSO. 
A solution of 2.17 g (9.45 mmol) of 2-(l-phenyl)vinyl-4,4,6-tri- 
methyl-5,6-dihydro-l,3-oxazine17 in 10 ml of DMSO was added 
and the reaction was allowed to stir at 50° for 60 hr. Work-up 
gave 2.3 g of crude product which was distilled (76-84°, 0.3 mm) 
using a short-path distillation apparatus to give 1.74 g (75% of 
product which solidified on standing: ir (film) 1660 cm -1 
(C = N ); nmr (CDC13) 8 7.45-7.0 (m, 5, aryl), 4 .3 -3 .8 (m, 1, 
OCH), 1 .9 -0 .8 (m, 16).

Preparation of 1-Phenylcyclopropanecarboxaldehyde.— The
2-(1-phenyl)cyclopropyloxazine (1.72 g, 7.1 mmol) was dissolved 
in 20 ml of 50:50 THF-ethanol and cooled in an acetonitrile- 
Dry Ice bath at —45°, and 300 mg (7.95 mmol) of sodium boro- 
hydride in 1.5 ml of basic water was added slowly with periodic 
checks to maintain the pH as close to 7 as possible using 9 N  
HC1. After the addition of the sodium borohydride the reac
tion was allowed to stir for an additional 1 hr before the mixture 
was poured into water. The water was made basic with 40% 
NaOH and extracted with ether. The ether was washed with 
saturated NaCl, dried over potassium carbonate, and evaporated 
to give 2 g of crude product. Hydrated oxalic acid (11.8 g) 
was dissolved in 30 ml of water, which was heated to a boil in a 
small distillation apparatus equipped with an additional funnel. 
The crude tetrahydrooxazine was dissolved in ether and added 
slowly. The water was allowed to distil over until it was no 
longer cloudy. The distillate was dissolved in pentane, the 
solution was dried, and the pentane was evaporated to give 0.86 g 
(81%) of the desired aldehyde, ir (film) 1705 cm -1 (C = 0 ) .

Irans- l-(Phenylsulfonyl)-2-phenylcyclopropane.— To a solution 
of ylide 4 (6 mmol) in 15 ml of DMSO was added over a period of 
30 min a solution of 1.22 g (5 mmol) of phenyl styryl sulfone in 
10 ml of DMSO. The reaction was allowed to stir for 24 hr. 
Work-up and chromatography yielded 1.06 g (82%) of a crystal
line solid: mp 93-94° (lit.18 mp 95-96°); ir (film) 1300, 1150 
cm -1; nmr (CDC13) 8 8.1-6.9 (m, 10, aryl), 3.1-2.4 (m, 2), 2.05-
1.2 (m, 2).

3-Norcaranone.— Ylide 4 (11 mmol) was prepared in 18 ml of 
DMSO. To this solution was added 0.96 g (10 mmol) of 2- 16 17 18

(D ia l k y l a m i n o ) m e t h y l o x o s u l f o n iu m  M e t h y l id e s

(16) P . L ip p a n d F . Caapers, Ber., 58, 1011 (1925).
(17) A  sam ple o f  the oxazine was k indly  supplied b y  Professor A . I. 

M eyers.
(18) W . E . T ru ce  and V . R . B adiger, J .  O r g . C h e m .,  29, 3277 (1964).

cyclohexenone in 7 ml of DMSO and the reaction was allowed to 
stir for 3 hr at room temperature. Isolation of the crude product 
in the standard manner followed by chromatography over a 
short column of silica gel, eluting with pentane, followed by 50:50 
methylene chloride-benzene, gave 0.63 g (57%) of 3-norcara- 
none: ir (film) 1690 cm-1; nmr (CDC13) 8 2.7-1.45 (m, 8, 
cyclohexyl), 1.4r-0.8 (m, 2, cyclopropyl).

Anal. Calcd for C7H10O: C, 76.33; H, 9.15. Found: C, 
76.39. H, 9.25.

l-Methylene-4-methylcyclohexane Oxide.— Ylide 4 (13 mmol) 
was prepared in 17 ml of DMSO. To this solution was added
1.12 g (10 mmol) of 4-methylcyelohexanone in 5 ml of DMSO. 
The reaction was stirred at 50° for 8 hr. Standard work-up 
and chromatography gave 0.52 g (42% ) of the epoxide: ir 
(film) 920, 840, 770 cm “ 1; nmr (CDC13) 8 2.81 (s, 2, OCH2),
2.2-0.8 (m, 12).

Anal. Calcd for C8Hi40 :  C, 76.14; H, 11.8. Found, C, 
76.21; H, 11.12.

1-Octene Oxide.— The ylide 4 (15 mmol) was prepared in 25 
ml of DMSO. The ylide solution was warmed to 50° and 1.14 
g (10 mmol) of heptanal in 20 ml of DMSO was added over a 
period of 90 min. The reaction was allowed to stir for an addi
tional 2 hr at 50°. Following work-up, the crude product was 
chromatographed over silica gel eluting first with pentane and 
then pentane-ether. Bulb-to-bulb distillation gave 0.462 g 
(36.5%) of the epoxide. The infrared spectrum was identical 
with that of an authentic sample: nmr (CDC13) 8 3.2-2.4 (m, 3, 
CHCH2), 1-8-0.7 (m, 15, alkyl).

Styrene Oxide.— Ylide 4 (13 mmol) was prepared in 17 ml of 
DMSO. A solution of 1.06 g (10 mmol) of benzaldehyde in 8 
ml of DMSO was added over a period of 30 min. The reaction 
was allowed to stir for 1 hr at room temperature and 2 hr at 50°. 
The reaction mixture was poured into ice water and extracted 
with ether. The ether was dried over magnesium sulfate and 
evaporated; the residue was distilled at 80° (5 mm) to give 0.684 
g (57%) of colorless styrene oxide, whose infrared spectrum was 
identical with that of an authentic sample.

p-Chlorostyrene Oxide.— Following a similar procedure to 
that used for styrene oxide, p-chlorostyrene oxide was produced 
in 62% yield from p-chlorobenzaldehyde. Work-up and chro
matography yielded 0.96 g (62%) of p-chlorostyrene oxide. 
The infrared spectrum of the product was identical with that of an 
authentic sample.

(Z)-l-Methylene-4-ieri-butylcyclohexane Oxide.— A solution 
of ylide 4 (13 mmol in 17 ml of DMSO) was warmed to 50° and
1.54 g (0.010 mol) of 4-iert-butylcyclohexanone in 8 ml of DMSO 
was added over a period of 30 min. The reaction was stirred 
at this temperature for 4 hr. The crude product was chro
matographed over silica gel to give 1.24 g (72%) of the Z  epoxide, 
whose infrared spectrum was identical with that of an authentic 
sample: ir (neat) 920, 855, and 800 cm-1; nmr (CDC13) 8 2.61 
(s, 2, CH2), 2 .0 -1 .8 (m, 9, ring), 0.88 (s, 9, t-Bu).

Methylenecycloheptane Oxide.— Ylide 4 (26 mmol in 20 ml of 
DMSO) was warmed to 50° and 1.46 g (0.013 mol) of cyclo- 
heptanone in 10 ml of DMSO was added over a period of 20 min. 
The reaction mixture was stirred overnight at 50°. Chro
matography of the crude product over silica gel gave 0.69 g 
(42%) of the oxirane. An infrared spectrum was identical with 
that of an authentic sample; nmr (CDC13) 8 2.58 (s, 2, OCH2),
1.67 (s, 12, ring).

Registry N o.—1, 1520-31-6; 2, 36501-44-7 ; 3,
36501-42-5; 4, 38421-38-4; 11, 3063-79-4; dimethyl 
sulfoxide, 67-68-5; sodium azide, 26628-22-8; tri- 
ethyloxonium tetrafluoroborate, 368-39-8; trimethyl- 
oxonium tetrafluoroborate, 420-37-1; /3-methylcin- 
namonitrile, 14368-40-2; p-acrylotoluidide, 7766-36-1; 3- 
(3 '-N- p - tolyl-2- py rrolidone)-N -p-tolylpropionamide, 
38709-70-5; l-methylene-4-methylcyclohexene oxide, 
38709-71-6; 4-methylcyclohexanone, 589-92-4; 1-oc- 
tene oxide, 2984-50-1; heptanal, 111-71-7; (Z)-l-
methylene-4-feri-butylcyclohexane oxide, 7787-78-2;
4-feri-butylcyclohexanone, 98-53-3; methylenecyclo
heptane oxide, 185-85-3; cycloheptanone, 502-42-1.
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(Dimethylamino)- and (diethylamino)oxosulfonium methylide were treated with acid chlorides, anhydrides, 
and isocyanates to produce carbonyl-stabilized (dialkylamino)methyloxosulfonium methylides. Stabilized 
ylides were also prepared by reaction of the simple methylides with methanesulfonyl chloride and ethyl phenyl- 
propiolate. (Dimethylamino )methyloxosulfonium benzoylmethylide and (dimethylamino )methyloxosulfonium 
acetylmethylide were alkylated at the carbonyl oxygen with trialkyloxonium salts to produce substituted (dialkyl- 
amino )methyl(2-alkoxyvinyl)oxosulfonium fluoroborates; the stereochemistry about the carbon-carbon double 
bond was ascertained by nmr. Acyl-stabilized methylides in this series were found to undergo a unique reaction, 
catalyzed by cupric sulfate, to yield 5-substituted 1,3-oxathiole 3-oxides.

A wide variety of sulfonium ylides stabilized by 
strong electron-withdrawing groups on the a carbon 
have been prepared; the chemistry of these compounds 
has been the subject of a number of studies.2 Al
though these ylides transfer alkylidene groups to only 
the most reactive of substrates, they have been ob
served to undergo several interesting rearrangement 
and decomposition reactions.

The preparation of ylides 1 and 2 are described in 
the accompanying paper.3 Here we describe the prep
aration of a number of stabilized ylides derived from 
1 and 2 and compare their chemistry with that of other 
stabilized sulfonium ylides.

0

CHaJ+—CHr
1

n r 2
1, R  =  Me
2, R  =  Et

Preparation of Ylides.—Table I outlines the differ
ent stabilized ylides which were prepared; in most 
of these cases no effort to maximize the yield was 
made. In the preparation of these stabilized ylides 
at least 2 equiv of methylide is required, since the 
product is more acidic than the starting material. In 
general, the stabilized ylides displayed a fair shelf 
life; some decomposition was noted when stored for 
several months at room temperature. The dimethyl
amino ylide 1 was found to give products with superior 
crystalline properties, and following this observation 
only ylide 1 was used in the preparation of stabilized 
ylides.

Stabilized ylides 3-14 were prepared by reaction of 
the appropriate substrate with either 1 or 2 in THF 
at 0°. In the case of the benzoyl ylides, use of the 
less reactive anhydride as substrate rather than the 
acid chloride yielded a more manageable product 
mixture, at least when the diethylamino ylide was used. 
Several attempts to prepare a formyl-stabilized deriva
tive were unsuccessful. While 12 could be prepared

(1) (a) P art X L  in  th e  series “ C h em istry  o f  Sulfoxides and R ela ted  C o m 
p ou n d s.”  W e  gratefu lly  acknow ledge su p p ort b y  the N ationa l Science 
F ou n d ation  (G P  19623). (b ) N ationa l S cience F ou n dation  G raduate
T rainee, 1968-1971.

(2) (a) A . W . John son and R . T . Am el, J .  O r g . C h e m .,  34, 1240 (1969);
(b ) H . N azaki, D . T u n em oto , S. M atu ban a , and K . H on d o , T e t r a h e d r o n , 23, 
545 (1967 ); (c )  K . W . R a tts  and A . H . Y a o , J .  O r g . C h e m .,  31, 1689 (1966); 
(d) B . M . T rost, J .  A m e r .  C h e m . S o c . ,  89, 138 (1967 ); (e) W . E . T ru ce  and 
G . D . M add in g , T e tr a h e d r o n  L e t t . ,  386 (1966); (f) G . B . P ayne, J .  O rg .
C h e m .,  33, 3517 (1968).

(3) C . R . John son and P . E . R ogers, i b id . ,  38, 1793 (1973).

T a b l e  I
S t a b i l i z e d  Y l i d e s

No. Y ie ld ,
Substrate Stabilized y lide %

Benzoic anhydride

0
II -

PhC—CHX 
0
II _

PhNHC—CH X 
0
II .

PhC— CHY 
0
II .

PhNHC— CHY 
0
II .

CH3C— CHY 
0
II _

p-CIPhC—CH Y 
0

3 53

Phenyl isocyanate 4 83

Benzoyl chloride 5 60

Phenyl isocyanate 6 75

Acetic anhydride 7 65

p-Chlorobenzoyl chloride 8 65

p-Nitrobenzoyl chloride
II .

p-N 02PhC—CH Y 
0

9 82

Trifluoroacetic anhydride
II _

CFaC— CHY 
0
II _

PhCH2C— CHY

10 31

Phenylacetyl chloride 11 52
Methanesulfonyl chloride CH2SO2CHY 12 58
Ethyl phenylpropiolate E t02CCH =CPhCH X 13 38
Ethyl phenylpripolate E t02CCH =CPhCH Y 14 55

0 0

X  =  l +— c h 3 Y  =  S+— CHS

NEt2 NMe,

by reaction of 1 with mesyl chloride, p-nitrobenzene- 
sulfonyl chloride gave no identifiable product.

The formation of 13 and 14 parallels that of similar 
reactivity observed when dimethyloxosulfonium meth
ylide was used.4 Thus, in these systems proton trans
fer of the initial adduct takes precedence over cyclo- 
propene formation.5

O-Alkylation of Stabilized Ylides.—It has been 
reported by Bestmann6 that carboethoxymethylene- 
triphenylphosphorane could be successfully O-alkyl- 
ated with thiethyloxonium fluoroborate. A variety 
of stabilized sulfur ylides had previously been C- 
alkylated with methyl iodide, and the O-alkylation 
of dimethylsulfonium benzoylmethylide with trimethyl-

(4) C . K aiser, B . M . T rost, J. Beeson, and J. W ein stock , i b i d . ,  30 , 3972 
(1965).

(5) E . J . C orey  and M . Jautelat, J .  A m e r .  C h e m . S o c . ,  89, 3912 (1967).
(6) H . J. B estm ann, R . Saalfrank, and J. P . Snyder, A n g e w .  C h e m . ,  I n t .  

E d .  E n g l . ,  8, 216 (1969).
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oxonium fluoroborate has been reported.7 For these 
reasons it seemed that it would be worthwhile to 0 - 
alkylate several of the aeylides prepared in this study.

Using trimethyl- and triethyloxonium fluoroborate 
it was possible to O-alkalylate the benzoyl- and acetyl- 
stabilized ylides 5 and 7. The reactions were per
formed at 0° in methylene chloride in the presence 
of excess sodium carbonate. In all the cases studied,

O R ' O

r c= chJ+ch3
I

NM e2 BF4-
15, R  =  Ph; R ' =  Et
16, R  =  Ph; R ' =  Me
17, R  =  Me; R ' =  Et
18, R  =  Me; R ' =  Me

mixtures of diastereomeric vinyl salts were obtained; 
in several cases these isomers could be separated by 
fractional crystallization.

It seems valid to assume that the Z isomer of 15 
and 16 should be the more favored thermodynamically, 
because a phenyl group has a larger steric requirement 
than either an ethoxy or a methoxy group. For sim
ilar reasons the E isomer of 17 and 18 should be favored.

Ph HX  / MeEtO + S— NMe,
II
0 b f 4

15 Z diastereomer

EtO. H

y ==K / Me
H3C + S— NMej

0  BF4 

17 E diastereomer

Using the values of Pascuel, Meier, and Simon,8 
approximate shifts of the vinyl proton in each of these 
systems were estimated. These calculations indicated 
that the vinyl proton of the Z isomer of 15 and 16 
would appear further downfield than that of the E 
isomer, and that the vinyl proton of the E  isomer of 
17 and 18 appear at lower field than that of the Z 
isomer (Table II ).

T a b l e  II
V i n y l  E t h e r  S a l t s  

R H

)==(
R' + S— NMe2

O BF4"
% C a lcd O bsd
at v in y l v in y l

C om p d Isom er R R ' equil shift shift

15 z Ph OEt 68 4.37 3.71
15 E OEt Ph 32 4.12 3.56
16 Z Ph OMe 73 4.37 3.74
16 E OMe Ph 27 4.12 3.52
17 Z Me OEt 12 3.74 3.36
17 E OEt Me 88 3.93 3.56
18 Z Me OMe 10 3.74 3.42
18 E OMe Me 90 3.93 3.64

period of time the isomer with the least shielded vinyl 
proton dominated. On this basis structural assign
ments were made.

These vinyl ether salts were treated with the anions 
of several active methylene compounds; it was hoped 
that this would represent a route to substituted cyclo
propyl ethers.9,10 Initial efforts were made using 
diethyl and dimethyl malonate. Sodium alkoxides 
were used as bases, and the reactions were first run 
at room temperature and later at 50°. Nmr spectra 
of the crude products offered no evidence for the exis
tence of cyclopropanes. These spectra did indicate 
that methyl benzoate was present when sodium meth- 
oxide was used as a base in reactions with phenyl- 
vinyl ethers. It was also noted that in the presence 
of a sodium methoxide the salt 15 was converted to 16.

Salts 15 and 17 were found to react smoothly with 
the anion of malononitrile to give, as expected, the 
stabilized ylides 19 and 20, respectively, rather than

,R 0 
(NC)2C = X  ||

CH =SN M e2
I

Me

19, R =  Ph
20, R =  Me

cyclopropane. A third allylide identified only on the 
basis of its nmr spectrum was obtained from the reac
tion of 15 and methyl cyanoacetate. Payne has ob
served the formation of allylide 22 in the reaction of

Mo EtO CN
-  /  \ /

EtOjCCHS + +  X
Me CN

22

(dimethylsulfuranylidene)acerate (21) with ethoxy- 
methylenemalononitrile.27 There are obvious sim
ilarities between Payne’s system and the one under 
study.

It appears that steric factors prevented the addition 
of the anions of diethyl and dimethyl malonate to the 
d carbon. Electron donation by the ether oxygen may 
have also reduced the electrophilic nature of that car
bon. The smaller anions derived from malononitrile 
and methyl cyanoacetate were able to overcome these 
obstacles, but the elimination of a molecule of alcohol 
rather than sulfinamide was the reaction pathway 
followed.

Conversion to 1,3-Oxathiole 1-Oxides.—In a study 
of dimethylsulfonium phenacylide, Trost2d observed 
that it was stable in refluxing benzene, chloroform, or 
cyclohexene. He found, however, that tribenzoyl- 
cyclopropane (24) was obtained in high yield when

s
/  \

Me Me

CN

Pure isomers or mixtures of different composition 
than that at equilibrium were stirred in methylene 
chloride in the presence of sodium carbonate. In 
all four systems it was found that after an extended

(7) S. H . Sm allcom be, R . J. H olland , R . H . Fish, and M . C . Caserio, 
T e tr a h e d r o n  L e t t . ,  5987 (1968).

(8) C . Pascual, J. M eier, and W . Sim on, H e lv .  C h im . A c t a , 49, 164 (1966).

(9) (a ) J. G osselck, L . Beress, and H . Schenk, A n g e w .  C h e m .,  I n t .  E d .  
E n g l . ,  5, 596 (1966 ); (b ) J. G osselck , H . A lbrech t, F . D ost , H . Schenk, and 
G . S ch m idt, T e t r a h e d r o n  L e t t . ,  995 (1 968 ); (c) J. G osselck  and G . S chm idt, 
i b i d . ,  2615 (1969); (d ) G . Schm idt and J. G osselck , i b i d . ,  3445 (1969).

(10) C . R . Johnson and J. P . L ock a rd  have reported  [T e t r a h e d r o n  L e t t . ,
4589 (1971)] th at (d im ethylam ino) ph en yl (2 -p h en ylv in y l) ox osu lfon ium
flu oroborate  undergoes reactions w ith active  m ethylene com pou n ds to  give 
cyclop rop an es. G osselck  and cow ork ers9 had show n th a t sim ple v in y l 
su lfon ium  salts reacted  w ith  the anions o f  a ctive  m ethylene com pou n ds to  
g ive  cyclop rop anes.

m u ovm irtm w
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0
ll -  + CuSO

PhC— CHSMe2 -------
or hv

23

a solution of the ylide was refluxed in cyclohexene in 
the presence of excess anhydrous copper sulfate. This 
cyclopropane was also obtained on irradiation of a 
benzene solution of the ylide with an Hanovia high- 
pressure mercury lamp using a Pyrex filter. On this 
basis it was suggested that benzoylcarbene was a 
common intermediate in both reactions.

A very different result was observed when the ben
zoyl-stabilized ylide 5 was stirred with 2 equiv of 
anhydrous cupric sulfate in cyclohexene or benzene. A
crystalline solid identified as 5-phenyl-l,3-oxathiole
3-oxide (2S) was obtained in high yield.

0 0
I! -  li C u S 04

PhC=CH S+CH3 ---------<| benzene

NMe2 
5

It was found that several other acylides also re
arranged cleanly to the corresponding 1,3-oxathiole 
3-oxides. In the examples studied, the stabilized ylides 
were stirred in refluxing benzene, cyclohexene, or tolu
ene for approximately 33 hr in the presence of 2 equiv 
of cupric sulfate. The 1,3-oxathiole 3-oxides (25, 26, 
27) could be isolated as crystalline solids, while 28 and 
29 were isolated as oils. These sulfoxides were stable 
at room temperature, but were decomposed quickly by 
traces of acid (Table III).

O'^'S—o

Ph
25

COPh

PhCO
-COPh

24

acylium ion, phenylacetylene, and the tropylium ion 
were also observed. Similar mass spectral fragmenta
tion patterns were shown by all the examples studied.

The role of the cupric ion may be that of coordination 
with the dimethylamino group to improve its “ leaving 
group”  ability. When the acyl group contained elec
tron-withdrawing substituents, somewhat elevated 
temperatures were required to effect the cyclization. 
It is our present hypothesis that these reactions proceed 
in concerted fashion to give an intermediate sulfur- 
stabilized carbonium ion (30), which undergoes cycliza-

H
O' V

K  CH

CH2

S+= 0
I

NMe,

Cu

OH CH2
I II

R/  ^ C hT +%  

30

0 s=o

tion. Regardless of the mechanism, these reactions 
show a characteristic of a Pummerer reaction— a sulfur 
is reduced and an adjacent carbon is oxidized.12 In 
Pummerer reactions, which are more typical at the 
“ sulfin”  oxidation stage, carbonium ions stabilized by 
an adjacent sulfur are believed to be key intermediates. 
A close analogy to the present reaction is from the work 
of Ratts and Yao13 in which acyl-stabilized ylides (31) 
were found to rearrange to enol ethers (32) in refluxing 
water.

O
ArC— CHS+CH3

!
R

31

Ar
HîO I
— >- RSCH2O C = C H 2 

a 32

T able III
1,3-Oxathiole 3-Oxides

Y ie ld , <-------------- N m r, p p m  ( J ,  H z)
Compd R % Ha“ Hb“ He8

25 Ph 84 5.63(11) 5 .1 (11 ) 6.75
26 p-CIPh. 80 5.54(12) 5 .0 (12 ) 6.65
27 p-NOiPh 79 5.65(12) 5 .1 (12) 6.95
28 c h 3 80 5.35(12) 4 .9 (12 ) 6.05
29 PhCH2 64 5.25(12) 4 .8 (12 ) 6.00

° Doublets. b Singlets.

The infrared spectra of these compounds all displayed 
a sulfoxide absorption in the 1020-1040-cm-1 region. 
The nmr spectra of this ring system were very character
istic. In all cases the vinyl proton appeared as a 
singlet at approximately 8 6.0-6.8, while the diastereo- 
topic protons on the carbon flanked by the sulfoxide 
and ether appeared as AB quartets between 8 4.5 and
5.0. The doublet at lower field was assigned to the 
proton cis to the sulfoxide oxygen.11 The mass 
spectrum of 25 showed a parent ion of m/e 180 and dis
played major peaks corresponding to the loss of oxygen 
and formaldehyde. Peaks assumed to be the phen-

(11) R. G. D. Cooper, P. V. DeMarco, J. C. Cheng, and N. D, Jones, J.
Amer. Chem. Soc., 91, 1408 (1969).

In the case of 5, refluxing in aqueous solution resulted 
principally in hydrolysis to benzoic acid, but traces of 
oxathiole could be detected by nmr.

A survey of the literature revealed no previous exam
ples of 1,3-oxathiole 3-oxides. Several examples of this 
ring system at the sulfide and sulfone oxidation stages 
have been reported.14 Several attempts were made to 
oxidize 25 using peracetic acid, hydrogen peroxide, 
sodium metaperiodate, 1-chlorobenzotriazole,18 and 
Collins reagent.16 The media of the first three attempts 
were acidic, and under these conditions the oxathiole 
ring decomposed The Collins procedure yielded some 
recovered starting material, but an nmr of the crude 
product showed no peaks which might be assigned to the 
sulfone. The nmr of the crude product from the at
tempted oxidation with 1-chlorobenzotriazole in meth
anol indicated that Cl and MeO had added across the 
double bond. Sodium borohydride will reduce alkoxy- 
sulfonium salts to sulfides.17 Nowever, several at
tempts to prepare the methoxysulfonium salt of the

(12) C . R . Johnson and W . G . Phillips, i b i d . ,  91 , 682 (1969).
(13) K . W . R a tts  and A . N . Y a o , J .  O r g . C h e m .,  33, 70 (1968).
(14) (a) K . D iekore, J u s t u s  L i e b i g s  A n n  C h e m .,  671, 139 (1 9 6 4 ); (b )

K . N ozak i, M . Y akaku , and Y .  H ayashi, T e t r a h e d r o n  L e t t . ,  2303 (1 9 6 7 ); 
(c ) G . O ttm ann , G . D . V ickers, and H . H ooks, J .  H e t e r o c y c l .  C h e m . ,  4, 527 
(1967); (d ) K . H irai, T e tr a h e d r o n  L e t t . ,  1137 (1 971 ); (e) W . D ren th  and 
H . J. D eG ru itjen , R e d .  T r a v .  C h im . P a y s - B a s ,  89, 379 (1970).

(15) W . D . K in gsb u ry  and C . R . Johnson , C h e m . C o m m u n . ,  365  (1 969 ).
(16) (a) J. C . C ollins, W . W . Hess, and F . J. Frank, T e t r a h e d r o n  L e t t . ,  

3363 (1968); (b ) R . R a tcliffe  and R . R od eh u rst, J .  O r g . C h e m .,  36, 4000 
(1970).

(17) C . R .  John son and W . G. Phillips, i b i d . ,  32, 3233 (1967).



oxathiole failed because trace amounts of acid present 
in the alkylating agents catalyzed the decomposition 
of the ring.

Experimental Section18
(Diethylamino)methyloxosulfonium (.Y-Phenylcarbamoyl)- 

methylide (4).— The ylide 2s (9.7 mmol) in 20 ml of THF was 
cooled in an ice bath and 1.0 g (8.4 mmol) of phenyl isocyanate 
was added in 5 ml of THF. The reaction was allowed to warm 
to room temperature ar.d stir for 24 hr. The solvent was evap
orated at reduced pressure and the residue was stirred with 
methylene chloride. The salts were filtered off and the methylene 
chloride was evaporated.19 The crude product was chroma
tographed over a short column of alumina eluting with 50:50 
benzene-chloroform to give 1.85 g (83%) of 4 as a crystalline 
solid: mp 114° (benzene-pentane); ir (CHC13) 3420, 1630, 
1580, 1320 cm “ 1; nmr (CDC13) 5 7.7-7.0 (m, 6, aryl and NH),
3.8 (s, 1, CH), 3.65-3.2 (q, 4, NCH2), 3.31 (s, 3. SCHs), 1.45-
1.05 (t, 6, CH3).

Anal. Calcd for Ci3H20N 2O2S: C, 58.18; H ,7.51. Found: 
C, 58.45; H ,7.72.

(Dimethylamino )methyloxosulfonium (JV-Phenylcarbamoyl )- 
methylide (6).— The ylide 1 (18.5 mol) in 30 ml of THF was 
cooled in an ice bath and 2.0 g (0.0168 mol) of phenyl isocyanate 
in 10 ml of THF was added over a period of 30 min. The crude 
product19 was a crystalline solid, and recrystallization from ben
zene-pentane gave 3.1 g (75%) of 6: mp 146-147°; ir (CHC13)
3430, 1630, 1590 cm -1; nmr (CDC13) 5 7.9-6.8 (m, 6, aryl and 
NH), 3.64 (s, 1, CH), 3.28 (s, 3, SCH3), 2.88 (s, 6, NCHS).

Anal. Calcd for CnH16N 20 2S: C, 54.98; H, 6.71. Found: 
C, 55.03; H, 6.99.

(Diethylamino)methyloxosulfonium Benzoylmethylide (3).—  
The ylide 2 (0.044 mol) in 100 ml of THF in a 250-ml three
necked flask equipped with a mechanical stirrer was cooled 
in an ice bath and 4.52 g (0.02 mol) of benzoic anhydride in 30 
ml of THF was added over the period of 1 hr. The reaction was 
allowed to warm to room temperature and stirred for 4 hr. The 
crude product19 was stirred with 500 ml of ether, which was de
canted from a small amount of insoluble material and reduced to 
V 2 its volume, and on cooling 2.7 g (53%) of a crystalline solid, 
mp 90.5-91°, was obtained: ir (CHC13) 1590, 1550, 1370 cm “ 1; 
nmr (CDC13) 3 8.0-7.2 (2 m, 5, aryl), 4.9 (s, 1, CH), 3.6-3.15 
(q, 4, NCH2), 3.54 (s, 3, SCH3), 1.35-1.05 (t, 6, CCH3).

Anal. Calcd for Ci3H19N 0 2S: C, 61.63; H, 7.56. Found: 
C, 61.68; H, 7.64.

The ylide 3 was also prepared from 2 (15 mmol) and benzoyl 
chloride (7 mmol) in THF at 0°. The product (66% as a yellow
oil) had spectral properties identical with those of 3 (above) and 
could be obtained in crystalline form from ether-pentane.

(Dimethylamino )methyloxosulfonium Benzoylmethylide (5). 
— The ylide 1 in 120 ml of THF was cooled in an ice bath and 8.0 g 
(0.0592 mol) of benzoyl chloride in 20 ml of THF was added over 
the period of 30 min. The reaction was allowed to warm to room 
temperature and was stirred for a total of 5 hr. The crude 
product19 was stirred with 1 1. of ether, which was decanted 
from a small amount of insoluble material, and then reduced to 
' / 2 its volume. On cooling, 8.0 g (60%) of a crystalline solid, 
mp 80-81°, was obtained: ir (CHC13) 1585, 1540, 1370 cm -'; 
nmr (CDC13) 5 8.0-7.2 (2 m, 5, aryl), 4.83 (s, 1, CH), 3.44 (s, 3, 
SCH3), 2.77 (s, 6, NCH3),

Anal. Calcd for CnHiaNOiS: C, 58.64; H, 6.71. Found: 
C, 58.62; H,6.93.

(Dimethylamino)methyloxosulfonium Acetylmethylide (7).—  
The ylide 1 (65 mmol) in 80 ml of THF was cooled in an ice bath 
and 3 g (0.0296 mol) of acetic anhydride in 20 ml of THF was 
added over the period of 1 hr. The crude product19 was stirred 
with 300 ml of ether which was decanted from a small amount of 
insoluble material and then on cooling yielded 3.2 g (65%) of 
crystalline product: mp 46-46.5°; ir (CHC13) 1575, 1375 cm “ 1; 
nmr (CDC13) 5 4.52 (s, 1, CH), 3.4 (s, 3, SCH3), 2.92 (s, 6, 
NCH3), 1.97 (s, 3, CCH3).

Anal. Calcd for C6H13N 0 2S: C, 44.15; H, 8.03. Found: 
C, 43.87; H ,8.31.

The ylide 1 was also created with acetyl chloride. The crude 
product was chromatographed over alumina eluting first with

(18) F or general details see Experim enta l Section  o f  ref 3.
(19) In  the preparation  o f  stab ilized  ylides, all o f  the crude produ cts 

were isolated in the m anner described  for 4.

( D i a l k y l a m i n o ) m e t h y l o x o s u l f o n iu t v i  M e t h y l i d e s

methylene chloride and then chloroform to give 58% of a yellow 
oil which gave spectra identical with those of ylide 7 (above). 
The use of acetic anhydride is preferred, since it seems to give a 
cleaner product.

(Dimethylamino)methyloxosulfonium p-Chlorobenzoylmethyl-
ide (8).— The ylide 1 (68.5 mmol) in 80 ml of THF was cooled 
in an ice bath and p-chlorobenzoyl chloride (5.4 g, 31 mmol) 
in 20 ml of THF was added over a period of 30 min. The re
action was stirred for 6 hr at 0° and then allowed to warm to room 
temperature overnight. The crude product19 was dissolved in 
200 ml of ether, filtered, and cooled to give, with periodic addi
tions of pentane, 5.2 g (65%) of a crystalline solid: mp 61-62°; 
ir (KBr) 1590, 1545, 1390, 1350, 1170, 1070, and 835 cm “ 1; 
nmr (CDC13) S 7.9-7.3 (q, 4, aryl), 4.85 (s, 1, CH), 3.54 (s, 3, 
SCH3), 2.99 (s, 6, NCH3).

Anal. Calcd for CUH„C1N02S: C, 50.86; H, 5.43. Found: 
C, 50.67; H, 5.55.

(Dimethylamino )methyloxosulfonium p-Nitrobenzoylmethylide
(9) .— The ylide 1 was treated with p-nitrobenzoyl chloride in the 
manner described above for 8. The crude product was recrystal
lized from benzene-pentane to give 82% of a yellow solid: mp
108-109.5°; ir (KBr) 1550, 1520, 1340, 1170, 1080, and 890 
cm -1; nmr (CDC13) 5 8.2-7.8 (q, 4, aryl), 4.9 (s, 1, CH), 3.6 
(s 3, SCH3), 2.95 (s, 6, NCH3).

Anal. Calcd for C n H ^ C h S : C, 48.88; H, 522. Found,
C. 48.67; H, 5.34.

(Dimethylamino )methyloxosulfonium Trifluoroacetylmethylide
(10) .— The 1 (68.5 mmol) was treated with trifluoroacetic an
hydride (30 mmol). The crude product was dissolved in ether 
and on cooling and the addition of pentane 1.9 g (31%) of 10 
as a crystalline solid, mp 41.5-43°, was obtained: ir (KBr) 
1600, 1250, 1180, 1090, 935, ar.d 890 cm “ 1; nmr (CDCls) 8
4.8 (s, 1, CH), 3.54 (s, 3, SCH3), 3.0 (s, 6, NCH3).

Anal. Calcd for C6H10F3NO2S: C, 33.18; H, 4.64. Found: 
C, 33.07; H, 4.71.

(Dimethylamino )methyloxosulfonium Phenacetylmethylide
(11) .— A solution of the ylide 1 (68.5 mmol) was treated with 
phenylacetyl chloride (4.8 g, 31 mmol) at 0°. The crude prod
uct19 was taken up in ether and with periodic additions of pentane
3.8 g (52%) of a crystalline solid, mp 60-61°, was obtained: 
ir (KBr) 1570, 1370, 1180, 1090. and 930 cm“ 1; nmr (CDC13) 
8 7.3 (s, 5, aryl), 4.1 (s, 1, C H ', 3.48 (s, 2, CH2), 3.37 (s, 3, 
SCH3), 2.82 (s, 6, NCH3).

Anal. Calcd for C12HnN 0 2S: C, 60.22; H, 7.16. Found: 
C, 60.44; H, 7.16.

(Dimethylamino)methyloxosulfonium Methanesulfonylmethyl-
ide (12).— A solution of the ylide 1 in 80 ml of THF solution was 
cooled in an ice bath, and 2.6 g (0.226 mol) of methanesulfonyl 
chloride in 15 ml of THF was added. The reaction was allowed 
to stir at 0° for 5 hr and then warmed to room temperature over
night. A crystalline solid (2.6 g, 58%), mp 80.5-81.5°, "was ob
tained from benzene-pentane: ir (KBr) 1280, 1200, 1110, 1020, 
and 950 cm -1; nmr (CDCls) 8 3.83 (s, 1, CH), 3.18 (s, 3, SCH3),
3.08 (s, S02CH3), 3.0 (s, 6, NCH3).

Anal. Calcd for C6H13N 0 3S2: C, 30.13; H, 6.58. Found: 
C, 30.34; H, 6.82.

(Diethylamino)methyloxosulfonium (3-Carboethoxy-2-phenyl)- 
allylide (13).— The ylide 2 in 10 ml of THF was cooled to 0° and 
ethyl phenylpropiolate (1.0 g, 5.6 mmol) in 4 ml of THF was 
added over a period of 10 min. The reaction mixture was stirred 
overnight. The crude product19 was chromatographed on silica 
gel eluting first with benzene and then with chloroform to give 
0.720 g (38%) of a yellow oil. A crystalline solid, mp 98-99°, 
was obtained from chloroform-hexane: ir (CHCls) 1665, 1520, 
1150, 1100, 995 cm“ 1; nmr (CDC13) 5 7.67-7.15 (m, 5, aryl), 
5.93 (s, 1, CH), 4.82 (s, 1, CH). 4.4-3.97 (q, 2, OCH2), 3.43-
2.75 (m, 4, NCH2), 1.46-1.08 (t, 3, CH3), 0.96-0.70 (t, 6, CH3).

Anal. Calcd for C „H 25N03S: C, 63.13; H, 7.97. Found: 
C, 63.47; H, 7.95.

(Dimethylamino )methyloxosulfonium (3-Carboethoxy-2-phe- 
nyl)allylide (14).— The ylide 1 was treated with ethyl phenyl
propiolate. Recrystallization from ether-pentane yielded 55% 
of a solid: mp 89—91°; ir (CHC13) 1650, 1525, 1240 cm *; 
nmr (CDC13) 8 7.6-7.16 (m, 5, aryl), 5.8 (s, 1, CH), 4.78 (s, 1, 
CH), 4.34-3.92 (q, 2, OCH2), 2.94 (s, 3, SCH3), 1.4-1.1 (t, 3, 
CH3).

Anal. Calcd for C15H21N 0 3S: C, 60.99; H, 7.16. Found: 
C, 60.97; H, 7.08.

Reaction of Ylide 5 with Triethyloxonium Fluoroborate.— A
solution of 3.0 g (13.3 mmol) of the benzoyl-stabilized ylide 5
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was dissolved in 100 ml of methylene chloride and stirred in an 
ice bath under a cover of nitrogen. Triethyloxonium fluoro- 
borate (7.5 g, 0.037 mol) was added and the reaction was allowed 
to stir. After 30 min, tic indicated that some starting material 
was present. The reaction was kept alkaline by the addition of
4.0 g (0.037 mol) of sodium carbonate. One hour later, 2.5 g 
of triethyloxonium fluoroborate was added, and the reaction was 
allowed to stir for 3 hr. The reaction mixture was poured into 
100 ml of water, which was extracted with 250 ml of methylene 
chloride. The methylene chloride was dried and removed at 
reduced pressure to give 4.1 g (90%) of crude product. A mix
ture of two isomers was obtained from this reaction, but the ratio 
of the two isomers varied from reaction to reaction. These two 
isomers could be separated by fractional crystallization, and on 
the basis of nmr spectra, structural assignments were made. 
(K)-(Dimethylamino)methyl(2 - ethoxy - 2 - phenylvinyl )oxosulfo- 
nium fluoroborate (15-Z) had mp 108.5-110°; ir (Nujol) 1705 
(w), 1690 (w), 1650 (s), 1140-1020 cm - 1 (BF4_ ); nmr (CDC1„) 
8 7.5 (s, 5, aryl), 6.18 (s, 1, vinyl), 4.64-4.18 (q, 2, CH2), 3.5 
(s, 3, SCH3), 2.8 (s, 6, NCH3), 1.66-1.30 (t, 3, CH„).

Anal. Calcd for C13H20BF4NO2S: C, 45.77; H, 5.91. Found: 
C, 45.54; H, 6.13.

(f?)-(Dimethylamino)methyl(2-ethoxy-2-phenylvinyl)oxosul- 
fonium fluoroborate (15-E) had mp 63-64°; ir (Nujol) 1700 
(w), 1690 (m), 1655 (m), 1140-1020 cm ' 1 (BF4~); nmr (CDC1S) 
8 7.6 (s, 5, aryl), 5.94 (s, 1, vinyl), 4.4-4.0 (q, 2, CH2), 3.77 
(s, 3, SCH3), 3.12 (s, 6, NCH3), 1.58-1.07 (t, 3, CH3).

Anal. Calcd for Ci3H20BF4NO2S: C, 45.77; H, 5.91. Found: 
C, 46.01; H, 5.95.

Reaction of Ylide 5 with Trimethyloxonium Fluoroborate.—
Ylide 5 was treated with trimethyloxonium fluoroborate in a 
manner similar to that described above using triethyloxonium 
fluoroborate to give 1.25 g (85%) of a mixture of two vinyl ether 
fluoroborate salts. This mixture could not be separated, but it 
was possible on the basis of later work to assign a structure to each 
isomer. (Z) - (Dimethylamino)methyl(2 - methoxy - 2 - phenylvi
nyl )oxosulfonium fluoroborate (-16 Z) had nmr (CDC13) 8
7.5 (s, 5, aryl), 6.24 (s, 1, vinyl), 4.17 (s, 3, OCH3), 3.57 (s, 3, 
SCH3), 2.74 (s, 6, NCHa).

(K)-(Dimethylamino)methyl(2-methoxy-2-phenylvinyl)oxosul- 
fonium fluoroborate (16-E) had nmr (CDC13) 8 7.53 (s, 5, 
aryl), 5.93 (s, 1, vinyl), 3.95 (s, 3, OCH3), 3.78 (s, 3, SCH3), 3.1 
(s, 6, NCH3).

Anal, (as mixture) Calcd for C i2H i8BF4N 0 2: C, 44.06; H, 
5.54. Found: C, 43.82; H .5.50.

Reaction of Ylide 7 with Triethyloxonium Fluoroborate.— A
mixture (50% yield) of two isomeric vinyl ether fluoroborate salts 
was obtained. This mixture could never be completely sepa
rated, but on the basis of the nmr spectrum, structural assign
ments could be made. (Z)-(Dimethylamino)methyl(2-ethoxy-2- 
methylvinyl)oxosulfonium fluoroborate (17-Z) had nmr (CDC13) 
8 5.77 (s, 1, vinyl), 4.64-4.27 (q, 2, OCH2), 3.60 (s, 3, SCH3),
3.07 (s, 6, NCH3), 2.32 (s, 3, CCH3), 1.6-1.3 (t, 3, CH2CH3).

(F)-(Dimethylamino)methyl(2-ethoxy-2-methylvinyl)oxosul- 
fonium fluoroborate (17-E) had nmr (CDC13) 8 5.98 (s, 1, 
vinyl), 4.4-4.0 (q, 2, OCH2), 3.62 (s, 3, SCH3), 3.10 (s, 6, NCH3)
2.32 (s, 3, CCH3), 1.6-1.3 (t, 3, CH2CH3). The mixture was 
converted to the tetraphenylborate salt by exchange with sodium 
tetraphenylborate.

Anal, (as mixture of monohydrated tetraphenylborate salts). 
Calcd for C32H40BNO3S: C, 72.58; H, 7.61. Fcund: C,
72.56; H, 7.87.

Reaction of Ylide 7 with Trimethyloxonium Fluoroborate.— The
components of this mixture could never be completely separated. 
(Z)-(Dimethylamino)methyl(2-methoxy-2- methylvinyl)oxosulfo- 
nium fluoroborate (18-Z) had nmr (CDC13) 5 5.67 (s, 1, 
vinyl), 4.04 (s, 3, OCHs), 3.60 (s, 3, SCH3), 3.04 (s, 6, NCH3),
2.32 (s, 1, CCH3). (K)-(Dimethylamino)methyl(2-methoxy-2- 
methylvinyl)oxosulfonium fluoroborate (18-E) had nmr (CDC13) 
8 5.94 (s, 1, vinyl), 3.97 (s, 3, OCH3), 3.64 (s, 3, SCH3), 3.10 (s, 6, 
NCH3), 2.32 (s, 3, CCH3).

Anal, (as mixture of tetraphenylboroate salts). Calcd for C3i- 
H36B N 02S: C, 74.84; H, 7.29. Found: C, 74.36; H, 7.44.

(Dimethylamino )methyloxosulfonium (3,3-Dicyano-2-phenyl )- 
allylide (19).— A solution of 100 mg (1.47 mmol) of malononitrile 
was stirred in 7 ml of methanol under a cover of nitrogen; 1.5 
ml (1.5 mmol) of 1 AT sodium methoxide was added. Over a 
period of 10 min, 480 mg (1.46 mmol) of salt 16 dissolved in 10 ml 
of methanol was added. The reaction mixture was allowed to 
stir at room temperature for 5 hr, and then was worked up by

pouring it into water and extracting with methylene chloride. 
The methylene chloride was dried and evaporated to give 390 mg 
of crude product. The ylide 19 (300 mg, 75% ) as a crystalline 
solid, mp 180-184° dec, was obtained from methylene chloride- 
pentane: ir (CHC13) 2200, 1460, 1430, 980, 830 cm -1; nmr 
(CDC1„) 8 7.43 (s, 5, aryl), 5.0 (s, 1, CH), 3.48 (s, 3, SCH3), 2.58 
(s, 6, NCH3).

Anal. Calcd for C i4Hi3N3OS: C, 61.51; H, 5.53. Found:
C, 61.25; H, 5.67.

(Dimethylamino )methyloxosulfonium (3,3-Dicyano-2-methyl)- 
allylide (20).— In a similar manner malononitrile anion and salt 
17 gave 20 (59% ): mp 146-147°; ir (CHC13) 2170, 1480, 990 
cm “ 1; nmr (CDC13) 8 4.74 (s, 1, CH ); 3.11 (s, 3, SCH3), 2.97 (s, 
6, NCH3), 2.3 (s, 3, CCH3).

Anal. Calcd for C9HJ3N3OS: C, 51.16; H, 6.20. Found: 
C, 50.94; H, 6.34.

(Dimethylamino )methyloxosulfonium (3-Carbomethoxy-3-cy- 
ano-2-phenyl)allylide.— A solution of 150 mg (1.5 mmol) of 
methyl cyanoacetate was stirred in 10 ml of methanol with 1.6 
mmol of sodium methoxide. The vinyl salt 15 (500 mg, 1.5 
mmol) was dissolved in 3 ml of methanol and added. The 
reaction mixture immediately darkened and was allowed to stir 
at room temperature for 24 hr. The reaction mixture was 
poured into water and extracted with methylene chloride. The 
methylene chloride was dried and evaporated. The residue was 
taken up in a small amount of methylene chloride and 140 mg 
(30%) of a crystalline solid, mp 205-206°, was obtained follow
ing the addition of pentane: ir (KBr) 2200, 1660, 1450, and 
1120 cm "1; nmr (CDC13) 8 7.45 (s, 5, aryl), 6.6 (s, 1, CH ), 3.85 
(s, 3, OCH3), 3.0 (s, 3, SCH3), 2.6 (s, 6, NCH3).

Equilibration of Salts \5-Z and 15-/i.— A solution of 100 mg 
(0.294 mmol) of pure 15-E  was stirred in 5 ml of methylene 
chloride with 100 mg (0.95 mmol) of sodium carbonate at room 
temperature for 5 days. The reaction mixture was poured into 
water and extracted with methylene chloride. Nmr analysis of 
the product indicated that 32% of the product was 15-E  and 
68%  was 15-Z. When a pure sample of 15-Z was subjected to 
similar equilibrating conditions, an identical product mixture was 
obtained.

Equilibration of Other Salts.— In a manner similar to that 
described above for 15 the equilibrium composition for other salts 
were found to be as follows: 16, 27% E and 73% Z; 17, 88%  E
and 12% Z; 18, 90%  E  and 10% Z.

5-Phenyl-l,3-oxathiole 3-Oxide (25).— Anhydrous cupric sul
fate (2.8 g, 0.0175 mol) was added to a solution of 2.0 g (8.9 
mmol) of the benzoyl-stabilized ylide 5 in 60 ml of benzene. The 
reaction mixture was stirred at 80° for 30 hr. The copper salts 
were filtered off and washed with 75 ml of methylene chloride. 
The solvent was evaporated and 1.34 g (84%) of 25 as a crystal
line solid, mp 108-109°, was obtained from benzene-pentane: 
ir (KBr) 1605, 1565, 1060, and 1020 cm ” 1 (s); nmr (CDC13) 8 
8.0-7.3 (m, 5, aryl), 6.75 (s, 1, vinyl), 5.63 (d, 1, J  =  11 Hz, 
CHSO), 5.1 (d, 1, J =  11 Hz, CHSO).

Anal. Calcd for C9H80 2S: C, 59.98; H, 4.47. Found: C, 
59.71; H, 4.58.

5-p-Chlorophenyl-1,3-oxathiole 3-Oxide (26).— The p-chloro- 
benzoyl stabilized ylide 8, 1.0 g (3.85 mmol), was stirred with
1.23 g (7.7 mmol) of anhydrous cupric sulfate in 50 ml of toluene 
at 110° for 30 hr. At this time the copper salts were filtered off 
and washed with 100 ml of dichloromethane. The solvent was 
evaporated to give 0.69 g (80%) of 26 as a crystalline solid: mp
122-123° (benzene-pentane); ir (KBr) 1590, 1550, 1470, 1390, 
1320, and 1070-1020 cm -1 (s); nmr (CDC13) 8 7.9-7.3 (q, 4, 
aryl), 6.65 (s, 1, vinyl), 5.54 (d, 1, J  =  12 Hz, CHSO), 5.0 (d, 1, 
J  =  12 Hz, CHSO).

Anal. Calcd for C9H,C102S: C, 50.36; H, 3.29. Found: 
C, 50.59; H, 3.52.

5-p-Nitrophenyl-l,3-oxathiole 3-Oxide (27).— A solution of
1.0 g (3.7 mmol) of the p-nitrobenzoyl stabilized ylide 9 in 50 ml 
of toluene was stirred with 1.2 g (7.4 mmol) of anhydrous cupric 
sulfate. After 30 hr at 110° the copper salts were filtered off 
and washed with 100 ml of methylene chloride. The solvent was 
evaporated and 0.66 g (79%) of 27 was obtained as a crystalline 
solid: mp 169-170° (methylene chloride-pentane); ir (KBr) 
1580, 1540, 1340, and 1050 cm -1; nmr (CDC13) 8 8.5 -7 .8 (q, 4, 
aryl), 6.95 (s, 1, vinjd), 5.65 (d, 1, /  =  11 Hz, CHSO), 5.10 (d, 1, 
J =  11 Hz, CHSO).

Anal. Calcd for C9H ,N 04S: C, 48.00; H, 3.13. Found: 
C ,48.29; H,3.33.
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5-Methy 1-1,3-oxathiole 3-Oxide (28).— A solution of 0.5 g 
(3.06 mmol) of the acetyl-stabilized ylide 7 was stirred with 0.98 
g (6 mmol) of anhydrous copper sulfate at 70° for 36 hr. The 
insoluble salts were filtered off and washed with methylene chlo
ride to give 300 mg (80%) of 28: ir (film) 1620, 1050-1030 
cm-1; nmr (CDC13) b 6.05 (s, 1, vinyl), 5.35 (d, 1, J  = 12 Hz, 
CHSO), 4.9 (d, 1, J  =  12 Hz, CHSO), 2.2 (s, 3, CH3). This 
product displayed a mass spectrum in accord with the assigned 
structure.

Registry No.—1, 38709-75-0; 2, 38421-38-4; 3, 
38709-77-2; 4, 38709-78-3; 5, 38709-79-4; 6, 38709-
80-7; 7, 38709-81-8; 8, 38709-82-9; 9, 38709-83-0; 
10, 38709-84-1; 11, 38709-85-2; 12, 38709-87-4; 13, 
38709-88-5; 14, 38709-89-6; 15-#, 38708-52-0; 15-#, 
38708-53-1; 16-#, 38708-54-2; 16-#, 38708-55-3; 17-#, 
38780-33-5; 17-#, 38708-56-4; 17-# tetraphenylborate

salt, 38811-40-4; 17-#  tetraphenylborate salt, 38704- 
60-8; 18-#, 38708-57-5; 18-#, 38708-58-6; 18-#
tetraphenylborate salt, 38704-61-9; 18-# tetraphenyl
borate salt, 38704-62-0; 19, 38709-90-9; 20, 38709- 
91-0; 25, 38709-92-1; 26, 38709-93-2; 27, 38709-94-3; 
28, 38709-95-4; 29, 38709-96-5; phenyl isocyanate, 
103-71-9; benzoic anhydride, 93-97-0; benzoyl chlo
ride, 98-88-4; acetic anhydride, 108-24-7; acetyl 
chloride, 75-36-5; p-chlorobenzoyl chloride, 122-01-0; 
trifluoroacetic anhydride, 407-25-0; phenylacetyl chlo
ride, 103-80-0; methanesulfonyl chloride, 124-63-0; 
ethyl phenylpropiolate, 2216-94-6; triethyloxonium tet- 
rafluoroborate, 368-39-8; trimethyloxonium tetra- 
fluoroborate, 420-37-1 ; sodium tetraphenylborate, 143- 
66-8; (dimethylamino)methyloxosulfonium (3-cyano-
3-carbomethoxy-2-phenyl) allylide, 38709-99-8.
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The reaction of sodium sulfide with the epoxy brosylates 4 and 12 provided exo-2-hydroxy-4-thiatricyclo- 
[4.2.1.03’7]nonane (5) and exo-2-hydroxy-4-thiatricyclo[4.3.1.03'7]decane (13), respectively. Compound 5 has 
been oxidized to the corresponding hydroxy sulfone 14, to sulfoxides 15a and 15b, and to keto sulfide 17. Re
duction of the latter compound with sodium borohydride gave the endo hydroxy sulfide 16. Reduction of 17 by 
hydrazine and base yielded sulfide 18. Compound 13 was converted to the keto sulfide 19, which upon reduction 
with sodium borohydride gave the epimeric alcohol 20.

Conformationally rigid organosulfur molecules pro
vide substrates which are useful in studies pertaining to 
stereochemistry and intramolecular interactions.2’3 
Examples of systems presently available for such 
studies are sulfides l 4 5 and 2.6 We now report sev-

1 2

eral additions, namely ea:o-2-hydroxy-4-thiatricyclo-
[4.2.1.03.7] nonane (5) and exo-2-hydroxy-4-thiatricyclo-
[4.3.1.03.7] decane (13) along with several derivatives. 

The synthesis of compound 5 is outlined in Scheme I.
The reaction of sodium sulfide with epoxy brosylate 4 is 
thought to lead to intermediate 6 by initial displace
ment of the brosyl group. This postulate is supported 
by experiments of Gray and Heitmeier,6 which demon
strated that exo norbornyl epoxides are resistant to 
opening on treatment with lithium aluminum hydride. 
From intermediate 6 C -0  cleavage could occur at 
either C2 or C4, leading to either sulfide alcohol 5 or 7,

(1) P a rt X L I  in  the series “ C h em istry  o f  Sulfoxides and R ela ted  C o m 
p ou n ds.”  W e  gratefu lly  acknow ledge su pport b y  the N ation a l Science 
F ou n dation  (G P  19623).

(2) F or review s o f  this su b ject, see N . J. Leonard, R e c .  C h e m . P r o g r . ,  
17, 24, (1956); L . N . Ferguson and J. C . N adi, J .  C h e m . E d u c . ,  42, 529 
(1965).

(3) L . A . P a qu ette  and L . D , W ise, J .  A m e r .  C h e m . S o c . ,  89, 6659 (1967); 
L. A . P aquette, G . V . M eehan , and L . D . W ise, i b i d . ,  91, 3231 (1969).

(4) E . J. C orey  and E . B lock , J .  O r g . C h e m .,  31, 1662 (1966).
(5) C . R . Johnson, J. E . R eiser, and J. C . Sharp, i b i d . ,  34, 860 (1969).
(6) A . G ra y  and D . H eitm eier, i b i d . ,  34, 3253 (1969).

S c h e m e  I 
S y n t h e s i s  o f

exO-2-HYDEOXY-4-THIATRICYCLO[4.2.1.03-7]NONANE (5)“ 
m -chloro-
perbenzoic 
acid

CH2OBs

3

respectively. Studies of Dreiding models indicated 
that attack at C2 would involve more strain than attack 
at C4; therefore, a priori, sulfide alcohol 5 was expected 
to be the product of this reaction. In fact, a stable, 
waxy solid was obtained in 60% yield, which, upon 
acetylation followed by desulfurization, afforded ex o -2- 
acetoxy-5-endo-methylbicyclo [2.2.1 [heptane (8). Sul
fide alcohol 7 would have led to exo-2-a.cetoxy-endo-Q - 
methylbicyclo[2.2.1]heptane (9).
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a n d /o r  H q

\

X

10

Further evidence supporting structure 5 was fur
nished by mass spectral data. A strong ion (52%) at 
m/e 85 assumed to be 10 indicates that the sulfur is 
bound in a five-membered ring, whereas the sulfur 
atom is contained in a six-membered ring, and would 
not be expected to fragment in such a way that would 
produce the m/e 85 ion.7

The preparation of compound 13 is outlined in 
Scheme II. Treatment of epoxy brosylate 12 with

S c h e m e  II 
P r e p a r a t i o n  o f

cxo-2-Hydroxy-4-thiatricyclo [4.3.1.03'7] d e c a n e  (13)

1. CH,= CHCO,Et

2. LiAlH,

1. BsCl
2. m-chloroper- 

benzoic acid
CH,OH

11

Na2S, DMSO 
(35%)

HO

sodium sulfide also furnished a waxy, crystalline solid 
(35%). The ir and nmr spectra were very similar to 
those of 5 and the mass spectrum displayed an intense 
ion (51%) at m/e 85. Similar ring closures involving 
nucleophilic attack by carbon,8 oxygen,98 or nitrogen9b 
produced products corresponding to “ frontal”  closure.

(7) F or another exam ple see C . R . John son and F . B illm an, J .  O r g . C h e m .,  
36, 855 (1971).

(8) R . R . Sauers, R . A . Parrent, and S. B . D em ale, J .  A m e r .  C h e m . S o c . ,  
88, 2257 (1966); R . R .  Sauers, R . M . H aw thorne, and B . I .  D en tz, J .  O r g .  
C h e m .,  32, 4071 (1967).

(9) (a) P . O. H och , G . S tratton , and J. C ou lson , i b i d . ,  34, 1912 (1969); 
(b ) R . E . Banks, L. E . Birks, and R . N . H aszeldine, J .  C h e m . S o c .  C ,  201 
(1970).

Summaries of chemical transformations achieved 
starting with the target compounds 5 and 13 are found 
in Schemes III and IV, respectively.

S c h e m e  III
T r a n s f o r m a t i o n s  o f  C o m p o u n d  5

0

1. NH,NH,
2. KO-i-Bu, 

DMSO (24%)

S c h e m e  IV
T r a n s f o r m a t i o n s  o f  C o m p o u n d  13

20

The oxidation of 5 to sulfone 14 was found to proceed 
readily with hydrogen peroxide in acetic acid. The use 
of other reagents, such as m-chloroperbenzoic acid, 
ozone, or hydrogen peroxide in acetone, resulted in in
complete oxidation, yielding mixtures of sulfoxides and 
sulfone. Sulfide alcohol 5 was oxidized to an isomeric 
mixture of sulfoxide alcohols 15 by treatment with a 
variety of oxidizing agents (see Experimental Section). 
Separation of this isomeric mixture into the endo (15a) 
and exo (15b) isomers was accomplished by preparative 
gas chromatography after prior silyation10 of the hy
droxyl group; all attempts to separate these isomers by 
tic or elution chromatography failed. The stereo
chemical assignments were made on the basis of the 
syn-axial effect,11 which summarily states that, if a pair 
of isomeric sulfoxides exists in which a proton is syn- 
axial with the electron pair in one isomer and with the 
SO bond in the other isomer, the proton that is syn

(10) C . C . Sw eeley, R .  B entley , M . M akita , and W . W . W ells, J .  A m e r .  
C h e m . S o c . ,  86, 2497 (1963).

(11) K . W . B u ck , A . B . Foster, W . D . P ardoe, M . H . Q adir, and  J. M . 
W ebber, C h e m . C o m m u n . ,  759 (1966); A . B . Foster, J. M . D u x b u ry , T . D . 
Inch , and J. M . W ebber, i b i d . ,  881 (1967); A . B . Foster, T . D . In ch , H . M . 
Q adir, and J. M . W ebber, i b id . ,  1086 (1968); C . R . John son  and W . O. Siegl, 
T e tr a h e d r o n  L e t t . ,  1879 (1969).



axial with the SO bond is invariably downfield. Hence, 
the assignment of stereochemistry of isomeric sulfoxides 
15a and 15b is possible by observing the chemical shift 
of the CHOH proton.

The first isomer eluted from glpc, after hydrolysis 
back to the alcohol sulfoxide, displayed a broadened 
singlet at 5 4.60 for the CHOH proton. This peak was 
not affected by sample dilution, eliminating the pos
sible absorption of the hydroxyl proton at this position. 
The second isomer eluted was found to have the CHOH 
absorption more upfield and contained under the en
velope of ring protons. The chemical shift of the 
CHOH proton in 5 is 5 3.64. Thus, the first isomer to 
be eluted is assigned the structure 15a and the second 
15b. This result could be rationalized by assuming 
that the exo sulfoxide 15b would bind to the column 
more strongly than would 15a owing to diminished 
steric hindrance of the exo sulfoxide isomer.12

Sulfide ketone 19 was prepared from 13 in moderate 
yield by treatment with “ activated”  manganese di
oxide13 in hexane-pentane (1:1, v /v ). Conversely, 
sulfide alcohol 5 was resistant to oxidation by these 
conditions for reaction times of up to 3 weeks. The 
problem became one of selective oxidation of the hy
droxyl group without concomitant oxidation at sulfur. 
Jones’ reagent and chromium trioxide in pyridine were 
found to be unsatisfactory. Keto sulfide 17 was pre
pared in moderate yield (35%), however, by oxidation 
via the Pfitzner-Moffatt method.14 15 16

Reduction of keto sulfides 17 and 19 furnished ex
clusively endo-hydroxyl derivatives 16 and 20. The ir 
(CC14) showed hydroxyl absorption at 3400 cm-1 which 
was not shifted to higher frequency upon dilution. 
The exo alcohols 5 and 13 each possess two absorptions 
appearing at 3600 and 3450 cm-1. The 3450-cm~1 ab
sorption is found to decrease upon dilution relative to 
the 3600-cm“ 1 absorption. The alcohol sulfides 16 and 
20 are, therefore, assumed to contain fairly strong intra
molecular hydrogen bonding to sulfur.

Conversion of the sulfide ketone 17 to sulfide 18 was 
achieved by reduction via the Cram modification of the 
Wolff-Kishner reduction.15

Experimental Section
Melting points were determined with a Thomas-Hoover capil

lary apparatus and were uncorrected. Infrared spectra were 
measured with a Perkin-Elmer Model 21 grating spectrometer. 
Nuclear magnetic resonance spectra were obtained on a Yarian 
A-60A spectrometer. Analytical vapor phase chromatography 
was performed on an F & M 5750 using 0.25-in. columns. Pre
parative glpc was conducted on an F & M  776 Prepmaster Jr. 
Microanalyses were performed by Midwest Microlabs, Inc., 
Indianapolis, Ind. The mass spectra were measured on Atlas 
CH4 or AEIM S9 mass spectrometers.

5-(p-Bromobenzenesulfonoxymethyl)bicyclo [2.2.1] hept-2-ene 
(3).— To 50 g (0.40 mol) of a mixture of exo and endo alcohols'6 
of 5-(hydroxymethyl)norbornene in an ice bath was added 110 g 
(0.43 mol) of brosyl chloride. After the solution was stirred at 
0° for 0.5 hr the temperature was allowed to rise to room tem
perature; stirring was continued for 17 hr. The solution was 
then poured into 2 1. of water previously cooled to 0° and the 
heterogeneous mixture was stirred for 5 hr. The resulting mix

Conformation ally R igid Organosulfur M olecules

(12) W . O . Siegl and C . R . Johnson, J .  O r g . C h e m .,  35, 3657 (1970).
(13) J. A ttenbu rrow , A . F . B . C am erson , J . H . C hapm an, R . M . E vans, 

B . A . H ems, A . B . A . Jones, and T . W alker, J .  C h e m . S o c . ,  1094 (1952).
(14) K . E . P fitzner and J. G . M o ffa tt, J .  A m e r .  C h e m . S o c . ,  87, 5661 

(1965).
(15) D . J. Cram , M . Sayhun, and G . K n ox , i b i d . ,  84, 1734 (1962).
(16) K . A lder and E . W indem uth , B e r . ,  71, 1939 (1938).

ture was extracted with ethyl ether (3 X  250 ml), and the extracts 
were combined and washed with a 10% aqueous solution of 
hydrochloric acid (3 X  100 ml) and a saturated sodium bicarbon
ate solution (3 X 100 ml) and dried (MgSO«). Evaporation of 
the ether gave a clear oil which crystallized on standing to pro
duce 100 g (73%) of a white solid, mp 62-68°.

Anal. Calcd for CnHi6Br03S: C, 48.98; H, 4.40. Found: 
C,49.13; H, 4.62.

6-(p-Bromobenzenesulfonoxymethyl)-3-oxatricyclo[3.2.1,02'4]- 
octane (4).— A solution of 20 g (0.059 mol) of 3 dissolved in 50 
ml of benzene was added dropwise over a 20-min period to 14 g 
(0.07 mol) of m-chloroperbenzoic acid dissolved in 500 ml of 
benzene and cooled to 0°. The reaction mixture was stirred for
14 hr, during which time the mixture was allowed to warm to room 
temperature. The reaction mixture was washed with a 10% 
sodium hydroxide solution and water, and after drying (MgSO,) 
the solvent was evaporated to give 19.9 g (95.6% ) of a white, 
crystalline solid, mp 89-90°. This material was used without 
further purification in the following reaction.

exo-2-Hydroxy-4-thiatricyclo [4.2.1,03 7] nonane (5).— A 2-1. 
three-necked flask was equipped with a mechanical stirrer and a 
Y  joint to which was connected a condenser and an addition 
funnel; the remaining neck was fitted with a second addition 
funnel. Gas inlet-outlet equipment was assembled and the 
system was purged with nitrogen. Dimethyl sulfoxide (200 ml) 
was added to the reaction vessel and the solution was heated to 
60°. Then 19 g (0.053 mol) of 4 dissolved in 200 ml of dimethyl 
sulfoxide and 16.8 g (0.07 mol) of sodium sulfide nonahydrate 
dissolved in dimethyl sulfoxide-water (500:30 ml, v /v )  were 
simultaneously added over a 3-hr period. The reaction was 
allowed to stir for 24 hr at a temperature between 60 and 70°, 
after which time the reaction mixture was concentrated to 100 
ml, diluted with 500 ml of water, and extracted with methylene 
chloride (5 X 200 ml), and the combined extracts were washed 
with water (5 X  200 ml) and dried (MgSO,). Evaporation of the 
methylene chloride yielded an oily gum which was purified by 
chromatography over silica gel (0.05-0.20 mm, E. Merck, Darm
stadt) using ethyl ether as the eluent. The yield was 4.9 g (60%) 
of a waxy solid, mp 136-137°. The mass spectrum showed a 
parent ion at the calculated molecular weight of 156.

Anal. Calcd for CgHiiOS: C, 61.49; H, 7.74. Found: 
0 ,61 .34 ; H, 7.64.

fi20-2-Hydroxy-4-thiatricyclo[4.2.1.03■7]nonane 4-Oxides (15). 
— Oxidation of sulfide 5 with ierl-butyl hypochlorite17 in anhydrous 
methanol at —78° gave a 62% yield of a mixture, mp 182-195°, 
composed of 15a (15% ) and 15b (85% ). A sample of the mix
ture was purified for analysis by vacuum sublimation at 110° 
(O .lTorr).

Anal. Calcd for C/II^OjS: C, 55.78; H, 7.02. Found: 
C, 56.04; H, 7.23.

Oxidation of 5 with sodium metaperiodate18 in aqueous meth
anol at 0° gave 44%  of a mixture, mp 188-194°, which contained 
34% of 15a and 66% of 15b. Oxidation of 5 with 1-chlorobenzo- 
triazole19 in anhydrous methanol at —78° gave 66% of a solid, 
mp 188-194°, composed of 33% 15a and 67% 15b.

Separation of Sulfoxide Isomers 15a and 15b.— The silyl ethers 
were prepared according to the method of Sweeley, Bentley, 
Makita, and Wells.10 Thus, 0.10 g of isomeric sulfoxide mixture
15 was dissolved in 2 ml of dry pyridine to which was added 0.4 
ml of hexamethyldisilazane followed by 0.2 ml of trimethylsilyl 
chloride. A white precipitate immediately formed and was 
allowed to settle. Injections were made on an F & M Prepmaster 
Jr. 776 using a 6 ft X  0.75 in. 15% FFAP column operating at 
210° with a nitrogen flow rate of 300 ml/min. The first isomer, 
the trimethylsilyl ether of 15a, had a retention time of 9 min; the 
retention time of the second isomer, the trimethylsilyl ether of 
15b, was 16 min. The compound were washed from their traps 
with methanol and stirred overnight in an aqueous rnethanolic 
solution. Extraction with methylene chloride, drying (MgSO,), 
and evaporation produced 0.01 g of 15a, mp 205-208°, and 0.04 g 
of 15b, mp 198-200°. The ir spectra of each isomer was un- 
distinguishable from the ir spectrum of the isomeric mixture 15.

ezo-2-Hydroxy-4-thiatricyclo[4.2.1,03-7] nonane 4,4-Dioxide
(14).— To 0.312 g (2 mmol) of 5 dissolved in 25 ml of glacial acetic 
acid was added 1.36 g (12 mmol) of hydrogen peroxide (30% ).

J. Org. Chem., Vol. 38, No. 10, 1973 1805

(17) C . R . John son and D . M cC a n ts , Jr., J .  A m e r .  C h e m . S o c . ,  87, 1109 
(1965).

(18) N . J. Leonard and C . R .  Johnson , J .  O r g . C h e m .,  27, 282 (1962).
(19) W . D . K ingsbury and C . R . Johnson , C h e m . C o m m u n .,  365 (1969).
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The reaction mixture was stirred for 12 hr, then diluted with 40 
ml of water and extracted with methylene chloride. Evapora
tion afforded 0.30 g (80% ) of a white solid: mp 190-192°; ir 
(CHCU) 1300, 1120 c m -1 (S02).

Anal. Calcd for CsHiiChS: C, 51.05; H, 6.43. Found: 
0 ,5 0 .85 ; H, 6.67.

4-Thiatricyclo[4.2.1.03'7]nonan-2-one (17).— To 0.93 g (4.3 
mmol) of dicyclohexylcarbodiimide in a 25-ml round-bottom 
flask was added a solution of 5 prepared as follows. A 0.174-g 
(1.1 mmol) portion of 5 was dissolved in 3 ml of dimethyl sulfoxide 
and added to another solution containing 3 ml of benzene, 0.14 ml 
of dry pyridine, and 0.06 ml of trifluoroacetic acid. The reaction 
mixture was stirred for 3 days, after which time 15 ml of benzene 
was added and the salts were filtered. The benzene solution 
was thoroughly washed with water and dried (MgSO,). Evapo
ration of the benzene produced an oil which was purified by chro
matography over silica gel (0.05-0.20 mm, E. Merck, Darmstadt) 
using methylene chloride as the eluent. The resulting white solid, 
0.061 g (35% ), had mp 128-129°; ir (CHC13) 1745 cm "1 (CO); 
mass spectrum parent ion at m/e 154 (calcd, 154). An analytical 
sample was prepared by sublimation at 35° (0.05 Torr).

Anal. Calcd for CaHioOS: C, 62.30; H, 6.54. Found: 
C, 62.21; H, 6.63.

4-Thiatricyclo[4.2.1.03'7]nonane (18).— To 0.57 g (3.7 mmol) 
of sulfide ketone 17 was added 10 ml of 85%  hydrazine hydrate 
and the resulting solution was refluxed for 20 hr. Extraction 
with ethyl ether, drying (MgSO(), and evaporation of the solvent 
afforded 0.38 g (61.5% ) of the hydrazone as a white solid, mp
84-86°. The ir indicated that all of the ketone had reacted. 
Without further purification this solid was added to a solution of
1.14 g (7.6 mmol) of potassium ierf-butoxide in 3 ml of dimethyl 
sulfoxide over a period of 2 hr.16 Nitrogen gas was evolved 
immediately and the solution turned reddish orange. After 
addition was complete the reaction mixture was allowed to stir 
for an additional 1 hr; 20 ml of water was added; and the resulting 
solution was extracted with ethyl ether and dried (MgSCh). 
Evaporation of the ethyl ether produced a yellow oil from which 
0.20 g (39%) of a white solid, mp 109-111°, could be isolated by 
sublimation (40°, 0.5 mm). High-resolution mass spectroscopy 
showed the molecular weight to be 140.063736 compared to the 
calculated molecular weight of 140.065957.

6-(p-Bromobenzenesulf onoxymethyl )-3-oxatricyclo [3.2.1.02>4] - 
nonane (12).— To 54 g (0.389 mol) of the alcohol 1120 21 dissolved 
in 200 ml of pyridine and cooled to 0° was added 110 g (0.43 mol) 
of brosyl chloride. After the solution was stirred at 0° for 30 
min the temperature was allowed to reach room temperature and 
the reaction mixture was stirred for 17 hr. The solution was 
then poured into 2 1. of water at 0° and stirred for 5 hr. The 
resulting heterogeneous mixture was extracted with ethyl ether 
(3 X 250 ml), and the ether extracts were combined and washed 
with a 10% hydrochloric acid solution (3 X  100 ml) and a satu
rated sodium bicarbonate solution (3 X 100 ml), and dried 
(MgSO,). Evaporation of the ethyl ether afforded 124 g (88.5%) 
of the brosylate as a white solid, mp 76-77°.

This product was epoxidized using the identical conditions as 
previously outlined for the epoxidation of 3. Thus from 20 g 
(0.056 mol) of the starting brosylate 12, 20.7 g (97% ) of a white 
solid was isolated, mp 85-90°. This product was used in the 
following reaction without further purification.

ezo-2-Hydroxy-4-thiatricyclo[4.3.1.03-7]decane (13).— The ap

(20) N . N om ura , P . v . R . Schleyer, and A . A . Arz, J . A m e r .  C h e m . S o c . ,  
89, 3657 (1967).

(21) H . W . W h itlock , Jr., and M . W . Siefken, i b i d . ,  90, 4929 (1968).

paratus was arranged as described in the preparation of 5. Thus
20.7 g (0.0554 mol) of epoxy brosylate 12 dissolved in 150 ml of 
dimethyl sulfoxide was treated with 18.0 g (0.075 mol) of sodium 
sulfide nonahydrate dissolved in dimethyl sulfoxide-water 
(200:50, v /v )  to give 3.0 g (31.6%) of a white solid, mp 165- 
168°. Sublimation at 110° (0.1 mm) produced an analytical 
sample. The mass spectrum had a parent ion at m /e 170 which 
corresponds to the calculated molecular weight.

Anal. Calcd for C9H,,OS: C, 63.48; H, 8.29. Found: 
C, 63.30; H, 8.30.

4-Thiatricyclo[4.3.1 .03’7]decan-2-one (19).— To 0.3 g (1.75 
mmol) of 13 dissolved in 100 ml of a 1:1 (v /v ) pentane-hexane 
solution was added 6.0 g “ active”  manganese dioxide13 and this 
mixture was allowed to stir for 1 week. The manganese dioxide 
was then filtered and the hexane-pentane was evaporated, leaving 
0.14 g (50%) of a white solid, mp 110- 112°, ir (CHCla) 1710 cm -1 
(CO). Sublimation (110°, 0.5 Torr) produced an analytical 
sample. The mass spectrum showed a parent ion at m /e 168 
(calcd 168).

Anal. Calcd for C5H12OS: C, 64.35; H, 7.19. Found: 
C, 64.53; H ,7.36.

Sodium Borohydride Reductions of Ketones 17 and 19.— To
1.0 mmol of ketone dissolved in 20 ml of anhydrous methanol 
cooled to 0° was added 0.038 g (1.0 mmol) of sodium borohydride. 
Stirring for 12 hr followed by evaporation of the methanol gave 
a solid which was stirred in methylene chloride for 1 hr and fil
tered. Evaporation of the methylene chloride afforded a white 
solid in each case. Compound 16, mp 181-184°, was produced 
in 91% yield; compound 20, mp 171-173°, was obtained in 95%  
yield.

ezo-2-Acetoxy-4-thiatricyclo [4.2.1 ,037] nonane,— To 0.312 g 
(2.0 mmol) of 5 dissolved in 6 ml of benzene, 4 ml of hexane, and 
0.2 ml of pyridine at 0° was added 0.180 ml (2.7 mmol) of acetyl 
chloride. This solution was stirred at 0° for 5 hr and then placed 
in the refrigerator ( — 5°) overnight. The mixture was then 
poured over ice-water and stirred for 2 hr. The aqueous solution 
was extracted with ethyl ether (3 X 50 ml), and the ether extracts 
were combined and washed with a 10%  aqueous hydrochloric acid 
solution (3 X  20 ml), a saturated aqueous sodium hydrogen car
bonate solution (3 X 50 ml), and water (3 X 50 ml) and dried 
(MgSO,). Evaporation of the ether furnished 0.28 g (90% ) of a 
clear liquid, ir (film) 1740, 1240-1220, 1020, 1000 cm-1. The 
acetate was used without further purification in the next step.

Desulfurization of Acetate of 5.— To the acetate prepared above 
was added 10 ml of absolute ethyl alcohol and ca. 3 g (one tea
spoon) of 5-day-old Raney nickel (W-2). This mixture was 
stirred for 15 hr and filtered. Evaporation of the ethanol gave 
0.12 g (43% based on crude acetate) of a clear liquid. The ir of 
this liquid is identical with that of authentic exo-2-acetoxy-endo-
5-methylbicy clo [2.2.1] heptane (8).22

Registry N o.—3, 4802-32-8; 4, 38858-17-2; 5, 38906-
64-8; 5 acetate, 38974-09-3; 11, 15181-03-0; 12, 38858-
19-4; 13, 38858-20-7; 14, 38858-21-8; 15a, 38858-22-9; 
15b, 38858-23-0; 16, 38858-24-1; 17, 38868-12-1; 
18, 29625-41-0; 19, 38868-14-3; 20, 38858-25-2; exo-
5-(hydroxymethyl)-2-norbornene, 13360-81-1; endo-5- 
(hydroxymethyl)-2-norbornene, 15507-06-9; m-chloro- 
perbenzoic acid, 937-14-4.

(22) T h e authors thank P rofessor J, A . B erson for the ir spectra  o f  co m 
poun ds 8 and 9.
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Carbonyl Stretching Frequencies and Transmission of Electronic 
Effects in l-Phenyl-3-(5-aryl-2-furyl)propenones 
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The s-cis and s-trans carbonyl stretching frequencies of a series of fro?is-l-phenyl-3-(5-aryl-2-furyl)propenones
(I) and irons-l-phenyl-3-(5-aryl-2-thienyl)propenones (II) have been measured in carbon tetrachloride and 
chloroform solutions. Statistically significant linear free-energy relationships were obtained between r ( C = 0 )  
and tr+ constants; poorer correlations using <r values were obtained in all cases. The data were also treated 
using the Swain-Lupton F  and R constants, and poorer correlations than noted with <r+ were obtained. The 
influence of the conformation on the transmission of electronic effects is discussed and compared with that in 
analogous systems. The parameters of the linear free-energy relationships for series I and II were compared 
with those for a series of frans-l-phenyl-3-arylpropenones (III). Using the slopes of r ( C = 0 )  vs. <r+ correlations 
in series I—III the transmissive factors for the furan and thiophene rings were calculated and related to data 
published earlier. The determined order of transmission for the intervening groups was furan >  thiophene >  
benzene.

In preceding work2-6 we have investigated, using 
linear free-energy relationships between the carbonyl 
stretching frequencies and substituent constants, the 
transmission of electronic effects and the influence of 
conformation on this transmission in a series of sub
stituted chalcones and other a,/3-unsaturated ketones. 
Furthermore, we used7-10 the correlations between 
the carbonyl stretching frequencies and substituent 
constants for quantitative study of the transmission 
of electronic effects by the furan and thiophene bridges 
in several systems.

Continuing our investigations of linear free-energy 
relationships of a,/3-unsaturated ketones and of trans
mission of electronic effects by various intervening 
groups, we have measured the carbonyl stretching 
frequencies of a series of (rans- l-phenyl-3- (5-aryl-2- 
furyl)propenones (I) and irons-l-phenyl-3-(5-ary 1-2- 
thienyl)propenones (II) and compared the results with

I

CH =CH C0—

those for a series of trans- l-phenyl-3-arylpropenones
(III) (chalcones) reported earlier.1-2 1 2 3 4 5 6 7 8 9 10

Results and Discussion

Carbonyl Stretching Frequencies.—The carbonyl 
stretching frequencies measured in CC14 and CHCI3 
solutions for a series of irons-l-phenyl-3-(5-aryl-2- 
furyl)propenones (I) and irans-l-phenyl-3-(5-aryl-2- 
thienyl)propenones (II) are listed in Tables I and 
II, respectively. The carbonyl region of the spectra

T a b l e  I
1-Phenyl-3-(5-aryl-2-fu ryl )propenones (I)°

■In C C L------------- . In  C H C li
Compd X Pfi-c is Ps-trans Ps-cia

1 4-OCHs 1666.0 1642.5 1660.0
2 4-CH3 1667.5 1644.5 1661.0
3 4-H 1668.5 1645.5 1662.0
4 4-C1 1668.5 1646.5 1662.5
5 4-Br 1669.0 1647.0 1662.5
6 3-C1 1669.5 1647.0 1663.5
7 3-Br 1670.3 1648.0 1663.5
8 3-NO, 1670.5 1649.5 1664.0
9 4-NO, 1671.5 b 1665.0

“ Frequencies are given in cm b b Not available because of 
low solubility of compound in CCh.

n T a b l e  II

CH=CHCO

III

(1) T o  w hom  correspondence shou ld  be  addressed: A . P . a t K om en sk y  
U n iversity  or D . W . B . a t G eorgia  State U niversity .

(2) A . P erjéssy , C h e m . Z v e s t i ,  23, 905 (1969).
(3) N . S. Silver and D . W . B oy k in , Jr., J .  O r g . C h e m .,  35, 759 (1970).
(4) A . P erjéssy , C h e m . Z v e s t i ,  23, 441 (1969).
(5) W . F. W in ecoff, I I I ,  and D . W . B oy k in , Jr., J .  O r g . C h e m ., 37, 674 

(1972).
(6) P . J. D u k e and D . W . B oy k in , Jr., i b i d . ,  37, 1436 (1972).
(7) A . P erjéssy , P . H rnciar, and A. K rutoS ikovà, T e tr a h e d r o n ,  28, 1025 

(1972).
(8) A. Perjéssy, P . H rnciar, and R . F rim m , C o l le c t .  C z e c h . C h e m . C o m m u n .,  

28, 3781 (1972).
(9) A . Perjéssy, P . H rnciar, and R . S okolovâ , i b i d . ,  in  press.
(10) A . Perjéssy, P . H rnciar, R . Frim m , and L . Fiéera, T e tr a h e d r o n ,  28, 

3781 (1972).

l-PHENYL-3-(5-ARYL-2-THIEN YL ) p r o p e n o n e s  (II )“ 
,-----------In  C C L----------- . ------In  C H C lr

C om pd X >Vc» Ps-trana Pa-cis Pa-trane
10 4-OCH3 1664.5 1645.0 1658.0 1633.0
11 4-CH3 1665.0 1646.0 1658.5 1634.5
12 3-CH3 1666.0 1647.0 1659.5 1636.0
13 4-H 1666.0 1647.0 1660.0 1636.0
14 4-C1 1666.5 1647.0 1660.0 1636.5
15 4-Br 1667.0 1647.5 1660.5 1636.5
16 3 -C 1 1667.5 1648.0 1661.0 1638.0
17 4-N 02 1668.0 1649.5 1662.0 1639.0
a Frequencies are given in cm b

of these compounds is similar in shape to that of the 
analogous region of the spectra of substituted chal
cones.2’3 'On the basis of this analogy and the solvent
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sensitivity of the bands (see below) we assign the intense, 
higher frequency band to the C = 0  stretching mode 
of the s-cis conformer (vs.Cia) and the lower frequency 
band of much weaker intensity to the C = 0  
stretching mode of the s-trans conformer ( iv t r a n s )  

(see Tables I and II). As was the case for chal- 
cones,2'3,11 the s-cis conformation, as assessed from band 
intensities, predominates in the equilibrium mixture. 
Since the s-trans carbonyl stretching frequencies of 
chalcones measured in CHC13 have not been reported 
previously, we include them in Table III for the sake

T able III
1-Phenyl-3-arylpropenones (III) in CHC13

i'a-trans >
Compd X cm 1

18 4-N(CH3)2 1627.0
19 4-OCH3 1635.0
20 4-CH3 1639.5
21 4-H 1643.5
22 4-F 1643.0
23 4-C1 1644.0
24 3-C1 1645.0
25 4-CN 1646.0
26 3-N 02 1646.0
27 4-NO2 1648.0

of comparison with data of compounds of series I and 
II. In the spectra of l-phenyl-3-(5-aryl-2-thienyl)- 
propenones (II) in C H C h  both the p5.Ci S and ^s-trans 

bands appear. However, in the case of l-phenyl-3- 
(5-aryl-2-furyl)propenones (I) in CHCI3 only the s-cis 
band is clearly observable. In some cases on the 
lower frequency side of the ps-cis band a small pro
nounced shoulder occurs, probably corresponding to 
the carbonyl band of the s-trans conformer. This 
may be due to a low concentration of the s-trans con
former in the equilibrium mixture or to the overlapping 
of the weak vs.tnns band with the higher frequency 
wing of an intense p(C=C) band in the 1600 cm-1 
region. For these reasons this report describes for 
series I in CHCI3 only the s-cis carbonyl stretching 
frequencies.

Comparison of the ps.eis frequencies of compounds 
in series I with those of series II (see Tables I and II) 
shows that exchange of the furan ring for the thiophene 
ring causes a frequency decrease of 1.5-3.5 cm-1 in 
both solvents. This is similar to the case of 1-phenyl-
3-(2-furyl)propenones and l-phenyl-3-(2-thienyl)-pro- 
penes12 as well as of other unsaturated carbonyl com
pounds7-10 containing furan and thiophene rings, re
spectively. On the other hand, the ps-trans frequencies 
of compounds of series II are 0.5-2.5 cm-1 higher than 
those of series I.

When comparing the data from Tables I and II with 
that for chalcones III2,3 (see Table III), we found that 
the insertion of the furan or thiophene intervening 
group in the chalcone system produces a significant 
decrease in both the ps.cis and rs-trans frequency similar 
to the other previously described cases.7-10

In passing from CC14 to CHCls we observe a de
crease of 6.0-6.5 cm-1 in the JVds frequency of com
pounds in both series I and II. However, in the case

(11) W . P . H ayes and C. J. T im m ons, S p e c t r o c h i m . A c t a ,  P a r t  A ,  24 , 323 
(1968).

(12) S. V . Tsukerm an, V . M . N ikitchenko, J. S. R ozu m , and V . F . 
Lavrushin , K h i m .  G e t e r o ts ik l .  S o e d i n . ,  452 (1967).

of the ^s-trans frequency the same decrease is 10.0-12.0 
cm-1. This is similar to the chalcones III,2’3 where 
the CCI4-CH CI3 solvent effect is roughly two times 
more efficient for r s. trans frequency than for i v c is  

frequency. Hayes and Timmons11 found that the 
carbonyl bands of s-trans conformers of several a, (3- 
unsaturated ketones were more solvent sensitive than 
those of corresponding s-cis conformers.

Linear Free-Energy Relationships. —In earlier work2■3 
we have treated statistically the linear free-energy 
relationships between the carbonyl stretching fre
quencies and <r as well as <r+ constants for chalcones
III. It was found3 that the statistically most signifi
cant relationships were obtained using Brown and 
Okamoto’s or+ values.

As expected, the vs.cis as well as the rs_trans frequen
cies of compounds in series I and II correlate well 
with substituent constants (see Table IV). For com
parison we have included in Table IV the results of 
the statistical treatments for the chalcones III. Treat
ment of each of the 11 data sets with <7 resulted in a 
poorer correlation than was obtained with a+. The 
correlation with <r+ implies that in compounds of 
series I and II there operates a significant resonance 
interaction between the substituent and the carbonyl 
group even though it is separated by a large interven
ing group containing a double bond and a heterocyclic 
ring. The correlations for the i v t r a n s  frequencies are 
in each case statistically more significant than those 
for the corresponding ŝ.cis frequencies.

The data were also treated employing the two- 
parameter approach described by Swain and Lupton.13 
We have previously noted that generally carbonyl 
stretching frequency data were correlated less satis
factorily by the two-parameter approach than by the 
use of (7+ with the Hammett expression.3’8 In each 
of the 11 data sets listed in the tables, correlations 
with <7+ are superior to those employing the two- 
parameter method.14 The values of %  R for the 11 
data sets do not vary within the calculated error.14 
The significance of %  fi6’13 as well as the theoretical 
significance of the two-parameter approach has been 
questioned.15 The results of the correlations of the 
11 data sets recorded here lend support to the ques
tioning of the utility of the Swain-Lupton approach.18 
In view of the poor correlations obtained in this work 
and the questions that have been raised about the 
approach, it seems inappropriate at this time to at
tempt to draw conclusions based upon the two-param
eter linear free-energy relationship.

Influence of Conformation on Transmission.— 
Previous work has suggested that the effect of con
formation on transmission in a,/3-unsaturated ketones 
is largely a function of the relative coplanarity of the 
system.2'5 It is expected that the steric requirements 
of I—III and consequently the relative coplanarity 
of the s-cis and s-trans isomers do not differ greatly 
from those previously studied. The observed p s. c i s / p -  

s-trans ratios for I—III are generally in accord with 
those observed previously and support the expected 
view that steric factors are not particularly important.

(13) C . G . Swain and E . C . L u pton , Jr., J. A m e r .  C h e m . S o c . ,  90, 4328 
(1968).

(14) T h e  results o f  the correlations w ith  the Swain—L u p ton  app roach  
are in clu d ed  in the m icrofilm  ed ition  o f  this journal.

(15) G . R . W iley  and S. I. M iller, J. O r g . C h e m .,  37, 767 (1972).
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T able IV
R e s u l t s  o f  S t a t i s t i c a l  T r e a t m e n t  U s i n g  <r +  C o n s t a n t s “

Con-
Series form er Solvent

I s-cis CCI,
I s-trans CC14
I s-cis CHCb

II s-cis CC14
II s-trans CC14
II s-cis CHCb
II s-trans CHC13

IIP s-cis CC14
IIP s-trans CC14
IIP s-cis CHCb
III s-trans CHCb

n p Sp i

9 3.32 0.19 1668.5
8 4.74 0.27 1646.0
9 3.13 0.17 1662.2
8 2.49 0.25 1666.2
8 2.82 0.18 1647.0
8 2.72 0.23 1659.8
8 3.99 0.19 1636.0

10 5.62 0.48 1673.7
10 7.20 0.34 1654.2
21 6.18 0.25 1666.7
10 8.23 0.50 1641.9

S{ s r T

0.1 0.3 0.989 0.980
0.1 0.3 0.990 0.990
0.1 0.2 0.990 0.987
0.0 0.3 0.970 0.971
0.0 0.2 0.989 0.990
0.0 0.3 0.980 0.982
0 .0 0.2 0.993 0.989
0.3 1.1 0.972
0.2 0.8 0.991
0.0 0.6 0.985
0.0 1.2 0.985

“ n — number of points; p = slope; sp =  standard deviation of p; i = intercept; s, = standard deviation of i; s = standard 
deviation; r =  correlation coefficient; r =  arithmetic mean of the correlation coefficients for series I and III and series II and III, 
respectively. 6 Data taken from ref 2. c Data taken from ref 3.

The one exception in these ratios, for which there is no 
obvious explanation, is that of II obtained from the 
data arising from measurements in carbon tetrachlo
ride solution.

Transmissive Factors for the Furan and Thiophene 
Rings.—As it was shown7’10 the r (C = 0 ) vs. <r and v- 
(C = 0 ) vs. a+ linear free-energy relationships with 
compounds containing a heterocyclic bridge between a 
substituted benzene ring and carbonyl group can be 
used in a quantitative study of the transmission of 
electronic effects by the given heterocyclic bridges. 
Similar to our earlier approach,7 we have selected 
here the most significant free-energy relationships 
for calculation of transmissive factors. This selection 
was carried out on the basis of the highest value of 
the arithmetic means of the correlation coefficients 
f  =  (ri  - f  rm )/2  and f  —  (rn +  rm )/2  for the series 
of compounds I, II, and III, respectively. Following 
this procedure ¡Vcis vs. <r + and rs_trans vs. a+ correla
tions were chosen, since the f  values in these cases are 
higher than those for rs_cis vs. a and rs_trans vs. a re
lationships (see Table IV).

Using data in Table IV we calculated the transmis
sive factors of the electronic effects for the 2,5-furylene 
and 2,5-thienylene bridges [V(Fu)and 7r'(Thi)] from 
the equations

x'(Fu) =  pn/pixi (1)
jr'(Thi) =  p ii/pm  (2)

where pi, pn, and pm are the slopes of the selected 
ps.ciS vs. <t+ or Ps-trans vs. <7+ linear free-energy rela
tionships for the series of compounds I, II, and III, 
respectively. The transmissive factors t ' ( F u ) and 
ir'(Thi) in both solvents, CCff and CHC13, have been 
calculated using eq 1 and 2. The values obtained here 
are in agreement with those published earlier.7-10 
Since the transmissive factors determined from the 
linear free-energy relationships for the five various 
systems (this work and that previously reported7,8) 
are in good mutual agreement they are expressed as 
mean transmissive factors, ^ (F u ) and tt '(Thi).16

(16) The microfilm edition of this journal contains the x '(F u ) and x '-  
(Thi) values calculated from each data set together with x '(F u ) and x '(T h i) 
values reported in our previous papers7" 10 which were used to calculate 
x values recorded here. These will appear following these pages in the 
microfilm edition o f this volume of the journal. Single copies m ay be 
obtained from the Business Operations Office, Books and Journals Division, 
American Chemical Society, 1155 Sixteenth St., N .W ., Washington, D . C. 
20036. Rem it check or money order for $3.00 for photocopy or $2.00 for 
microfiche, referring to code number JOC-73-1807.

CC14 ir'(Fu) 0.64 =b 0.10 Sr'CThi) 0.44 =b 0.08 

CHCI3 f '(F u ) 0.47 d= 0.06 7̂ (Thi) 0.42 ±  0.06

It follows from the comparison of the if' values that 
the transmission by the furan ring is significantly 
sensitive to the solvent used. However, the trans
mission by the thiophene ring is practically indepen
dent of the CCI4-CHCI3 solvent change. The cause 
of this was suggested earlier7-10 as hydrogen bonding 
interaction between the furan ring oxygen atom and 
the chloroform molecules. Comparing the ï'ÇFu) 
and 7r'(Thi) values in nonhydrogen-bonding CC14 
solvent with the value of 7f'(Ph) = 0.27 ±  0.03 (trans
missive factor for 1,4-phenylene bridge),17 we observe, 
as noted in our previous work,10 that the transmission 
by the intervening groups decreases in the order furan, 
thiophene, benzene. Interestingly, this is the order 
in which the delocalization energies of the systems 
increase.

Experimental Section
Infrared Frequencies.— The ir stretching frequencies for all 

compounds of series I—III were determined on a Zeiss UR 20 
three-prism spectrometer operated in the expanded scale mode 
at scan rates of 10 cm -1 min. The wavenumber scale of the 
instrument was calibrated using the spectra of a standard mix
ture of indene, camphor, and cyclohexanone.18 The solvents 
CCI, and CHCb, both spectral grade, were purified and dried in 
the manner used before.18 The concentrations of solutions were 
chosen to give absorption between 70 and 75%. NaCl cells 
with path lengths of 0.5, 1.0, and 2.5 mm were used. The 
carbonyl stretching bands of the s-trans conformers of compounds 
of series I and II, similar to the chalcones,2,3 usually appeared as 
a shoulder on the lower frequency side of the intense rB-cis bands. 
Therefore, similar to the approach2 previously reported, the 
frequency determination was done after graphic resolution of the 
overlapping bands. All frequencies reported were obtained 
from averaging three different scans, the maximum scattering of 
which was 0.5 cm-1.

Calculations.—The Hammett correlations were made with <r 
constants reported by McDaniel and Brown,19 and <r+ constants 
published by Brown and Okamoto20 were used. The least- 
squares treatments were computed on a Regnezentralen Gier 
digital computer using standard statistical relations.21 The two-

(17) J. A. Zhdanov and V. I. Minkin, “ Korrelanionii Analiz v Organi- 
cheskoi Khim ii," Izdatelstvo R osiovskovo Universiteta, Rostov, 1966, 
p 63.

(18) R . N. Jones, P. K . Fauer, and W . Zacharias, R e v .  U n iv e r s e l l e  M i n e s  

M e t .  M e c . ,  15, 417 (1959).
(19) D . M . M cDaniel and H. C. Brown, J .  O r g . C h e m .,  23, 420 (1958).
(20) H. C. Brown and Y . Okamoto, J .  A m e r .  C h e m . S o c . ,  80, 4979 (1958).
(21) J. Eichler, C h e m . L i s t y ,  60, 1203 (1966).
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parameter relationships were computed using an IBM 7094 com
puter (c/. ref 6).

C o m p o u n d s  S t u d ie d . — The l-phenyl-3-(5-aryl-2-furyl)prope- 
nones (I) and l-phenyl-3-(5-aryl-2-thienyl )propenones (II) were 
prepared by condensation of acetophenone with 5-aryl-2-furfural- 
dehydes and 5-aryl-2-thiophenecarboxaldehydes, respectively, 
following the procedure described earlier.22’23 All compounds 
were recrystallized from appropriate solvents22'23 until constant 
melting point was obtained. The l-phenyl-3-arylpropenones 
(III) were obtained by condensation of acetophenone with sub
stituted benzaldehydes according to previous reports.24’25 The 
chalcones were recrystallized from ethanol and the purity was

(22) J. Kovâè, L. Fiâera, and R . Frimm, C h e m . Z v e s t i ,  in press.
(23) R . Frimm, A. KrutoSikovâ, and J. Kovâô, i b i d . ,  in press.
(24) S. Toma, i b i d . ,  19, 703 (1965).
(25) S. Toma, C o l le c t .  C z e c h .  C h e m . C o m m u n ., 34, 2771 (1969).

checked by tic on A120 3 or Si02 (Silufol). The melting points of 
all compounds agreed well with those described.22-25

Registry N o.—1, 38899-16-0; 2, 38899-17-1; 3, 
38899-18-2; 4, 38899-19-3; 5, 38899-20-6; 6, 38898-73-6; 
7, 38898-74-7; 8, 38898-75-8; 9, 38898-76-9; 10, 38898- 
77-0; 11, 38898-78-1; 12, 38898-79-2; 13, 38898-80-5; 
14, 38898-81-6; 15, 38898-82-7; 16, 38898-83-8; 17, 
38898-84-9; 18, 22965-98-6; 19, 22252-15-9; 20, 22252- 
14-8; 21, 614-47-1; 22, 22966-07-0; 23, 22252-16-0; 
24, 22966-13-8; 25, 22966-17-2; 26, 24721-24-2; 27, 
2960-55-6; fur an, 110-00-9; thiophene, 110-02-1.
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N-Sulfated and/or O-sulfated amino alcohols and 2-deoxy-2-sulfoamino-D-glucose were synthesized and their 
nmr and ir spectra were measured for the analysis and structural elucidation of sulfated polysaccharides. N- 
Sulfation of alkylamines and amino alcohols results in a downfield shift of the signal of the proton attached to the 
carbon atom bearing the amino group by 0.21-0.48 ppm, while O-sulfation results in a downfield shift of the pro
ton attached to the carbon atom bearing O-sulfate by 0.36-0.65 ppm. Some discussions are made on the effect of 
N-sulfation of 2-deoxy-2-amino-D-glucose on H -l and H-2. Comparison of ir spectra of these sulfate esters re
vealed two characteristic absorptions ( 1420-1450 and 1200-1220 cm-1) in A-sulfates.

In recent years, some reports have appeared on the 
structural elucidation of natural mucopolysaccha
rides1-3 and synthetic sulfated polysaccharides4 by 
using nmr spectra. In general, nmr spectra of these 
compounds are fairly complicated even by using a high- 
resolution nmr spectrograph, but the chemical shift 
of the proton attached to the carbon atom bearing 
the O-sulfate and A-sulfate group, and that on the 
adjacent carbon atom, give important clues for spec
tral analyses of these compounds. As a model com
pound for sulfated sugars, we synthesized N-sulfated 
and/or O-sulfated cyclic and acyclic amino alcohols, 
and their nmr spectra were measured to examine the 
effect of N- or O-sulfation on the chemical shift of 
the proton attached to the carbon atom bearing the 
sulfate group and that on the adjacent carbon.

Although ir spectra of O-sulfates have been reported,6 
those due to A-sulfate have hardly been documented.6'7 
Therefore, ir spectra of the synthesized compounds 
were also measured to examine the absorptions char
acteristic of the A-sulfate group.

Results and Discussion
Cyclic and acyclic alkylamine and amino alcohol 

sulfates were synthesized systematically. Analytical 
data for amino alcohol sulfates are given in Table I.

(1) (a) L. B. Jaques, L. W . Kavanagh, M . Mazurek, and A. S. Perlin, 
B i o c h e m .  B i o p h y s .  R e s .  C o m m u n . ,  24, 447 (1966); (b) A. S. Perlin, M . M a
zurek, L. B. Jaques, and L. W . Kavanagh, C a r b o h y d .  R e s . ,  7, 369 (1968).

(2) S. Inoue and Y . Inoue, B i o c h e m .  B i o p h y s .  R e s .  C o m m u n .,  23, 513 
(1966).

(3) A. S. Perlin, B. Casu, G. R . Sanderson, and L. F. Johnson, C a n .  J . 
C h e m .,  48, 2260 (1970).

(4) W . M . Pasika and L. H. Cragg, C a n .  J .  C h e m .,  41, 777 (1963).
(5) A. G. Lloyd, N. Tudball, and K . S. Dodgson, B i o c h e m .  B i o p h y s .  A c t a ,  

52, 413 (1961).
(6) K . S. Dodgson, B i o c h e m .  J . ,  92, 68 (1964).
(7) A. B. Foster, E. F. Martlew, M . Stacey, P. J. M . Taylor, and J. M . 

Weber, J .  C h e m . S o c . ,  1204 (1961).

Since it is difficult to avoid contamination of O- 
monosulfate in acyclic A, O-disulfates by the method 
of Reitz and others,8 we modified the method of Wol- 
from and Juliano9 to synthesize A,A,O-trisulfates, 
and their mild acid hydrolysis afforded A,O-disulfates 
in a comparatively good yield. On the other hand, 
cyclic A,O-disulfates are invariably accompanied with
O-monosulfates, and trisulfate is not formed even on 
modification of the reaction conditions. Trans and cis 
cyclic A,O-disulfates were isolated by repeated re
crystallization in 19.5 and 22.1% yield, respectively.

The starting 2-aminocyclohexanol was obtained by 
low-pressure hydrogenation of 2-acetaminophenol over 
rhodium catalyst, which was used in hydrogenation of 
alkoxyaniline,10 separation of trans and cis compounds 
from the resultant product by chromatography over 
silica gel, and acid hydrolysis. These trans and cis 
compounds were identified by nmr spectra. This 
is simpler and gives a better yield than by the known 
definitive synthesis of trans11 and cis12 compounds.

Dodgson6 obtained the potassium salt of 2-deoxy-
2-sulfoamino-D-glucose by sulfation of 2-deoxy-2-amino- 
D-glucose with pyridine-sulfur trioxide. We used the 
same reagents and obtained 2-deoxy-2-sulfoamino-D- 
glucose as its sodium salt as needle crystals by recrys
tallization from methanol-water.

Nmr spectra of acyclic alkylamine and amino al
cohol sulfates are summarized in Table II. As will

(8) H. C. Reitz, R. E. Ferrel, H. S. Olcott, and H. Fraenkel-Conrat, J .  
A m e r .  C h e m . S o c . ,  68, 1031 (1946).

(9) M. L. Wolfrom and B. O. Juliano, J .  A m e r .  C h e m . S o c . ,  82, 2588 
(1960).

(10) M. Freifelder, Y . H. N g, and P. F. Helgren, J .  O r g . C h e m . ,  30, 
2485 (1965).

(11) N . A . B. Wilson and J. Read, J .  C h e m . S o c . ,  1269 (1935).
(12) G. E. McCasland, R. K . Clark, Jr., and H. E. Carter, J .  A m e r .  C h e m .  

S o c . , 11, 637 (1949).
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T able I
C o n s t a n t s  o p  A m i n o  A l c o h o l  S u l f a t e s

Y ie ld ,“ '-----------------M p , °C ----------------- ■ - N --------- » r----------s---------
R eg istry  no. C om pd % O bsd Lit. Caled F ou nd Caled F ound

38911-08-9 HOCH2CH2NHSO3N a 22.3 136-137 8.59 8.21 19.60 19.38
- 0 3S0CH 2CH2NH3 + 44.7 274-277 277-279*
N a03S0CH 2CH2NH S03Na 54.4 212-215 220-221“

38974^12-8 N a03S0CH 2CH2N (S03Na)2 72.3 212-215 3.81 3.81 26.19 25.87
H 0CH 2CH2CH2NHS03Na 18.2 141-142 d
- 0 3S0CH2CH2CH2NH3+ 76.6 234-236 226-227.5*

38911-09-0 Na0 3S0 CH2CH2CH2NHS0 3Na 27.1 234-236 5.02 4.92 22.97 23.23
38911-10-3 Na0 3S0 CH2CH2CH2N(S0 3Na)2 51.1 198-201 3.67 3.71 25.23 25.76

L(CH2)4CHOR1CHNHR2
R i R 2

38899-01-3 H S03Na trans 41.5 232 dec 6.45 6.56 14.75 14.57
S03~ H2 + trans 27.2 300 dec 300 dec*

38899-02-4 SÒ3Na S03Na trans 19.5 211 dec 4.39 4.26 20.09 19.63
38899-03-5 H S03Na cis 39.9 251 dec 6.45 6.35 14.75 14.71

S03-  H2+ cis 25.6 295 dec 289-290'
dec

38899-04-6 S03Na S03Na cis 22.1 186-187 4.39 4.17 20.09 19.84
38899-05-7 2-Deoxy-2-sulfoamino-D-glucose 34.1 235 dec 4.98 4.60 11.40 11.30

(Na)/
“ From the starting amino alcohol or 2-deoxy-2-amino-D-glucose. * C. S. Dewey and R. A. Bafïord, J . Org. Chem., 30, 491 ( 1965)- 

c Trihydrate, ref 9. d Reference 14. '  T. Taguchi, M. Kojima, and T. Muro, J. Amer. Chem. Soc., 81, 4322 (1959). 1 Potassium salt 
monohydrate, mp 171° dec: A. G. Lloyd, F. S. Wusteman, N. Tudball, and K. S. Dodgson, Biochem. J., 92, 68 (1964).

T a b l e  I I

C h e m i c a l  S h i f t s  (S  S c a l e )  f o r  A c y c l i c  A l k y l a m i n e  a n d  A m i n o  A l c o h o l  S u l f a t e s

R eg istry  no. C om pd C H N D R C H C H iN D R C H C H îC H îN D R

38911-11-4 CH3CH2N D S03N a 2.97 1.11
38911-12-5 HOCH2CH2ND2 2.87 3.67
38911-13-6 HOCHíCHüND s+CI- 3.12 3.80
38974-13-9 HOCHiCH^DSOsNa 3.09 3.69
14849-14-0 - o 3s o c h 2c h 2n d 3+ 3.30 4.27
38960-84-8 N a03S0CH 2CH2ND2 2.86 4.03
38911-15-8 N a03S0CH 2CH2N D S03N a 3.24 4.15
389Í1-16-9 CH3CH2CH2ND S03N a 2.89 1.52 0.89
38911-17-0 HOCH2CH2CH2N D 2 2.70 1.68 3.66
38911-18-1 HOCH2CH2CH2ND3 +C1- 3.15 1.89 3.74
38911-19-2 H 0C H 2CH2CH2N D S03N a 3.06 1.80 3.70
38911-20-5 - o 3s o c h 2c h 2c h 2n d 3+ 3.18 2.08 4.19
38911-07-8 NaO,SOCH2CH2CHiND2 2.72 1.80 4.13
38960-85-9 N a03S0CH 2CH2CH2N D S03N a 3.09 1.93 4.15

be seen in this table, N-sulfation produces a chemical 
shift of the proton attached to the carbon atom bear
ing the amino group downfield by 0.21-0.36 ppm com
pared to that of the corresponding proton in nonsulfated 
free amines. The same shift is also seen in conjugated 
amines. The chemical shift of the proton attached to 
the carbon atom bearing O-sulfate moves to a lower 
magnetic field by 0.36-0.47 ppm by O-sulfation, and 
this proton, in both cyclic and acyclic amino alcohols, 
resonates at ca. 1 ppm lower field than that attached to 
the carbon atom bearing A-sulfate. This approxi
mately corresponds to the difference between the cor
responding nonsulfated compounds and is considered to 
be the difference in the electronegativity of N and O. 
See Table III.

The coupling constants of CHNDR and CHOR in 
¿rcms-2-aminocyclohexanol and its sulfate ester are JM =  
9 and ./ae =  4.5 cps, and one of its conformers, in which 
both amino and hydroxyl groups are diequatorial, is con
sidered to be fixed. The chemical shift of the proton at
tached to the carbon atom bearing the amino group is at 
a lower field by 0.23 ppm by N-sulfation compared to 
that of the corresponding proton in nonsulfated free

amines, and the downfield shift is 0.33 ppm in con
jugated amines. A similar effect of O-sulfation on the 
corresponding proton is a downfield shift of 0.65 ppm, 
indicating that the effect of O-sulfation is greater.

In the case of cis-2-aminocyclohexanol, there must be 
a rapid inversion between two chair conformers, since 
the CHNDR and CHOR of cfs-2-aminocyclohexanol are 
broad and there is only a relatively sharp single peak of 
methylene.

The effect of N-sulfation of 2-deoxy-2-amino-D- 
glucose is a downfield shift of the C-2 proton by 0.57 
ppm for the a anomer and by 0.47 ppm for the /3 
anomer compared to the chemical shift of the corre
sponding proton in nonsulfated free amine (a anomer, 
5 2.63; /8 anomer, S 2.51). The downfield shifts for 
anomeric protons are 0.23 ppm for the equatorial proton 
and 0.14 ppm for the axial proton. Of more signifi
cance is the fact that almost the same downfield shift is 
also seen in conjugated amine.

Dodgson and others6 studied the ir spectra of O- 
sulfate esters of alcohols, amino alcohols, and hydroxy- 
lated amino acids and reported that absorptions due to
S -0  vibration appear at 1150-1230 and 1350-1450
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C hemical Shifts (S Scale ) f o b  cis- and irans-2-AMiNOCYCLOHEXANOL Sulfates and 
a - and |3-2-Deoxy -2-sulfoamino-d-glucose

T able III

C om p d
r-(CJH.2)4----1 .-------------Tirans-------------- r----------------------- -C is ------------------------- . -̂------A (cis -tra n s )------- n
l C H O R i-C H N D R 2 R eg istry  no. CHORi CHNDR2 R eg istry  no. CHORi CHNDR2 CHORi C H N D H i

R i R 2
H D 38899-06-8 3.33 2.67 38899-07-9 3.82 (17“ ) 2.80 (23“ ) 0.49 0.13
H d 2+c i - 38899-08-0 3.56 3.00 38899-09-1 4.10 (16) 3.37 (23) 0.54 0.37
H SOsNa 3.34 2.90 4.03 (17) 3.26 (25) 0.69 0.36
s o 3- d 2+ 38898-64-5 4.28 3.23 38898-65-6 4 .665 3.46 (24) 0.38 0.23
S03Na D 38898-66-7 3.98 2.63 38898-67-8 4.47 (18) 2.89 (22) 0.49 0.26
S03Na SOaNa 4.13 3.13 4.706 3.31 (25) 0.57 0.13

a (38904-97-1) 0 (38904-98-2)

H -l (Ja) H-2 (J23) H -l ( / „ ) H-2 (J „)
2-Deoxy-2-sulfoamino-D-glucose 5.42 (3.5) 3.20 (10.0) 4.70 (8.0) 2.98 (10.0)

“ Peak width (cps). 6 Overlapping with the peak of water.

cm-1 and that due to C-O-S vibration at 770-810 cm "1 
in covalent sulfates, while only the absorption due to
S -0  vibration appears at 1210-1250 cm-1 in acid 
sulfates. Ir spectra of heparin and 2-deoxy-2-sulfo- 
amino-D-glucose have been reported,6'7 but those of 
simple JV-sulfate esters are very few.6 We therefore 
measured the ir spectra of N-sulfated and/or O-sulfated 
amino alcohols used in the present work, and found that 
they exhibited absorptions due to S -0  vibration within 
the prescribed limits 1170-1250 and 1420-1450 cm "1.

The characteristic absorptions of the iV-sulfate group 
can be divided into the following two kinds.

(1) »as (SO*) 1420-1450 cm "1. The starting amine and
0- sulfates do not show any absorption in this region or 
exhibit a sharp absorption of weak intensity in the 
region of 1390-1410 cm "1, while the IV-sulfate shows 
absorption of relatively broad width and median inten
sity at 1420-1450 cm "1.

(2) »a (S02) 1200-1220 cm-1. Both iV-sulfates and 0- 
sulfates have several absorptions of strong intensity or 
one broad absorption, and absorption of the W-sulfates 
is in a lower wavenumber side by 10-48 cm "1 than that 
of the corresponding O-sulfates.

Absorption due to C -N -S vibration appears in the 
same region in the starting amine and there is no char
acteristic absorption for N- and/or O-sulfates.

Nmr and ir spectral data of sulfated esters measured 
in the present work should give important information 
for nmr and ir analyses of natural N-sulfated and/or O- 
sulfated polysaccharides.

Experimental Section
Nmr spectra were measured at 35° with a Varian T-60 nmr 

spectrometer operated at 60 MHz (for alkylamine and amino 
alcohol sulfates) or measured at 32° with a Varian HA-100 nmr 
spectrometer operated at 100 MHz (for 2-deoxy-2-sulfoamino- 
D-glucose) in D 20  containing sodium 4,4-dimethyl-4-silapentane-
1- sulfonate as an internal standard. Ir spectra were measured 
in KBr pellets with a Shimadzu IR-27G spectrophotometer.

The sodium salts of ethylsulfamic acid and propylsulfamic acid 
were prepared according to the usual procedure.13 Selective N- 
sulfation of amino alcohol was carried out by the method of 
Warner and Coleman,14 and selective O-sulfation by the method 
of Reeves and Guthrie.15

Disodium 2-Sulfatoethylsulfamate.— To the solid complex 
prepared from S03 (11 ml) and dry pyridine (44 ml), distilled 13 14 15

(13) L. F . A u drieth  and M . Sveda, J .  O r g . C h e m .,  9, 93 (1944).
(14) D . T . W arner and L. L. C olem an, J .  O r g . C h e m ., 23, 1133 (1958).
(15) W . A. R eeves and J. D . G uthrie, J .  A m e r .  C h e m . S o c . ,  75, 4102 

(1953).

2-aminoethanol (5 ml) was added dropwise, with sitrring, over 
a period of 4 hr. The reaction mixture was heated at 60° for 1 
hr and kept at room temperature overnight. The pyridine 
supernatant was decanted and the solid residue was neutralized, 
under vigorous stirring and cooling, with 1 N  methanolic MeONa. 
The precipitate formed was collected by filtration, dissolved in 
water, and added with 10% barium acetate solution. After 
BaSO, was filtered off, the filtrate was passed through a column of 
Dowex 50W X 8 (Na+ form, 20-50 mesh). The eluate was 
evaporated to dryness, the residue was crystallized from meth
anol-water, and recrystallization was repeated with the same 
solvent, yield 22.0 g (72.3%) of trisodium 2-sulfatoethylimido- 
disulfonate.

Trisodium 2-sulfatoethylimidodisulfonate (5 g) dissolved in 
water (50 ml) was adjusted to pH 1.2 with Dowex 50W X8 (H + 
form, 20-50 mesh), stirred at room temperature for 1 hr, and 
filtered. After the filtrate was neutralized with 2 N  NaOH solu
tion and added to 10% barium acetate solution, BaSO, was fil
tered off and the filtrate was passed through a column of Dowex 
50W X8 (Na+ form, 20-50 mesh). The eluate was evaporated 
to dryness, and the residue was crystallized from methanol- 
water, yield 2.72 g (75.2%) of disodium 2-sulfatoethylsulfamate.

Disodium 3-Sulfatopropylsulfamate.— Mild acid hydrolysis of 
trisodium 3-sulfatopropylimidodisulfonate (4.83 g) at pH 1.2 
for 2 hr, prepared by a method virtually identical with that de
scribed for trisodium 2-sulfatoethylimidodisulfonate, gave di
sodium 3-sulfatopropylsulfamate, yield 1.91 g (53.0% ).

( ±)-trans- and (±)-cts-2-Aminocyclohexanol.— Anhydrous 2- 
acetaminophenol (15.1 g, 0.1 mol) suspended in 120 ml of anhy
drous ethanol was hydrogenated in the presence of 5%  Rh on 
AI2O3 (6.6 g) under 42 psi at 64°. Treatment of the reaction 
mixture gave a crystalline product which contained two com
ponents, as observed by silica gel thin layer chromatography. 
The rhombic crystals, mp 144-145°, were obtained by fractional 
crystallization from methanol and prismatic crystals, mp 123- 
124° by fractional crystallization of the mother liquor from 
acetone. The residual mixture was chromatographed over silica 
gel and separated into two components by elution with chloro
form-acetone (1 :1), yield of rhombic crystals 5.93 g, prismatic 
crystals 7.65 g (total yield 86.4%).

After each compound was refluxed for 2 hr with 6 N HC1, each 
reaction mixture was evaporated to dryness and the residue was 
washed with acetone and crystallized from ethanol-benzene. 
The hydrolysate of the rhombic crystals gave (±)-cfs-2-am ino- 
cyclohexanol hydrochloride, mp 190-191°, and that of prismatic 
crystals gave ( ±  )-<rcms-2-aminocyclohexanol hydrochloride, mp
175-176°.

Treatment of each aminocyclohexanol hydrochloride by the 
usual procedure gave (±)-eis-2-aminocyclohexanol, mp 70-71°, 
bp 111° (35 mm), and (±)-inms-2-aminocyclohexanol, mp 61- 
62°, bp 121° (30mm).

Sodium irans-2-Sulfoaminocyclohexanol.— To a solution of 
¿nms-2-aminocyclohexanol (7.0 g) in water (90 ml), pyridine- 
S03 (10.1 g) was added in small portions over a period of 2 hr, 
with sufficient 10% NaOH added gradually to maintain the pH 
at about 11.2-11.4. At the end of the reaction time, the reac
tion mixture was concentrated in vacuo to 50 ml, and added to 
ethanol (160 ml). After the resulting precipitate was removed 
by centrifugation, acetone (630 ml) was added to the supernatant.
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The precipitate was collected and crystallized from 95% ethanol, 
giving 5.70 g of long, hexagonal crystals (41.5%).

¿rans-2-Aminocyclohexyl Sulfate.— To a suspension of tram-2- 
aminocyclohexanol (1.15 g) in dry CHCh, chlorosulfonic acid 
(0.67 ml) in CCh (2 ml) was added dropwise below 0° during 1 
hr. After stirring for 2 hr at room temperature, the reaction 
mixture was evaporated to dryness and freed from HC1 in vacuo 
over KOH pellets. The residue was dissolved in ice water, and 
the solution was neutralized with solid BaC03 and then with 
Ba(OH)2 solution. The precipitate was filtered off, and the 
filtrate was concentrated to a small volume and passed through a 
column of Dowex 50W X 8 (H+ form, 20-50 mesh) to remove the 
starting material. The eluate was neutralized with Dowex 1 X2 
(OH-  form, 100-200 mesh) and concentrated, and the residue 
was crystallized from water, giving 0.53 g (27.2%) of prismatic 
crystals.

Disodium frons-2-Sulfoaminocyclohexyl Sulfate.— ( ±)-trans-
2-Aminocyclohexanol (1.52 g) was sulfated by a method virtually 
identical with that described for disodium 2-sulfatoethylsulfa- 
mate, giving 0 .8 2g (1 9 .5% )o f needle crystals.

All the sulfated cis-2-aminocyclohexanols were prepared by 
the method used to prepare the corresponding trans derivatives 
described above.

Sodium 2-Deoxy-2-sulfoamino-D-glucose.— 2-Deoxy-2-amino- 
D-glucose (12.9 g) was dissolved in water (180 ml) and the pH 
of the solution was adjusted to 9.6 by the addition of 10% NaOH. 
Pyridine-SC>3 (11.5 g) wras added to the well-stirred solution over 
a period of 9.5 hr at room temperature. During this addition, 
the pH of the mixture was maintained between 9.6 and 10 by the 
addition of 10% NaOH. After stirring overnight at room tem
perature, the solution was concentrated to ca. 40 ml and added 
to 10% barium acetate solution. Precipitated BaSO< was

filtered off through Radiolite 100 and the filtrate was adjusted to 
pH 4.6 by the addition of acetic acid and passed slowly through a 
column of Dowex 50W X8 (Na+ form, 20-50 mesh). The eluate 
was immediately neutralized with NaOH and concentrated to 
ca. 20 ml. The product was precipitated by the addition of 
ethanol (400 ml), and the precipitate was collected by centrifuga
tion and washed with ethanol. Solid Ag2C 03 was added to the 
solution of the product dissolved in water (50 ml). Precipitated 
AgCl and excess Ag2C 03 were centrifuged off and the supernatant 
was neutralized with Dowex 50W X 8 (H+ form, 20-50 mesh). 
The solution was concentrated to ca. 10 ml and the product was 
precipitated by the addition of ethanol (200 ml). The crude 
product, a white powder (6.47 g, 34.1%), was twice crystallized 
from methanol and water after treatment with activated char
coal, giving colorless crystals (3.70 g, 19.5%), [a]26D +  48° 
(c 1, H20 ), mp 235° dec.

Registry No. —S03, 7446-11-9; 2-acetaminophenol, 
614-80-2; (±)-m-2-aminocyclohexanol hydrochloride, 
38898-68-9; ( ±  )-irans-2-ami nocyclohexanol hydrochlo
ride, 33092-83-0; (±)-m-2-aminocyclohexanol, 38898-
70-3; ( ±)-hans-2-aminocyclohexanol, 33092-82-9 ; 2- 
aminoethanol, 141-43-5; 3-amino-l-propanol, 156-87-6;
2-deoxy-2-amino-D-glucose, 3416-24-8.
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Meisenheimer Rearrangement1'2

John P. L oran d ,* 3 R ussell W. G r a n t , P atricia  A. Sam u el , E lizabeth  M. O ’C onnell ,
J ohn Z ar o , James P ilo tte , and  R obert  W . W allace

Department of Chemistry, Boston University, Boston, Massachusetts 02216 

Received November 6, 1972

Radical scavengers have been used to study the thermal Meisenheimer rearrangement of A^-benzyl-A-methyl- 
aniline IV-oxide (I) in alkaline 80% aqueous ethanol at 70°. Oxygen at >1 atm reduces the yield of V-benzyl- 
oxy-X-methylaniline (II) to a minimum of 36%, while the yield under pure N2 is 89%. A thiol and CC14, at 
higher concentrations, also reduce the yield of II. The three scavengers lead to benzaldehyde, toluene, and 
chloroform, not found in their absence. In the viscous solvent cyclohexanol at 70°, the “minimum”  yield of II 
under 0 2 is 69% of that under Ns. Rearrangement in chloroform at 60° gives CIDNP. These results support 
operation of a 40%  cage effect as an important component of the homolytic dissociation-recombination mech
anism previously proposed.

Many cases of inefficiency in the production of free 
radicals have been convincingly interpreted in terms of 
the “ cage effect,” 4 5 and this phenomenon is now well 
enough understood to possess predictive value. The 
organic systems studied have but rarely involved either 
(a) a stable radical,2’6’6 or (b) dissociation of only one 
bond,2 9’7-9 the geminate radicals thus being in contact.

The thermal “ Meisenheimer” rearrangement of

(1 ) T aken  in part from  the A .M . theses o f  R . W . G . (1968), P . A . S. 
(1969), and E . M . C . (1971), and from  the P h .D . thesis o f  R . W . W . (1973, 
in preparation ) at B oston  U niversity .

(2) P art I :  J . P . Lorand, R .  W . G rant, P . A . Sam uel, E . M . O ’ C onnell, 
and J. Zaro, T e tr a h e d r o n  L e t t . ,  4087 (1969).

(3) D epartm en t o f  C h em istry , C entral M ich igan  U niversity , M ou n t 
Pleasant, M ich . 48858.

(4) J. P . L oran d in “ In organ ic R ea ction  M echanism s,’ ’ P a rt I I ,  J. O . E d 
wards, E d ., W iley -In terscien ce , N ew  Y ork , N . Y .,  1972.

(5) W . A . P ry or  and  K . Sm ith, J .  A m e r .  C h e m . S o c . ,  89, 1741 (1967); 
92, 5403 (1970).

(6) J. P . L oran d and P . D . B artlett, i b i d . ,  88, 3294 (1966).
(7) N . A . P orter, M . E . Landis, and L.J. M arn ett, i b i d . ,  93, 795 (1971).
(8) J. C . M artin  and J. H . H argis, i b i d . ,  91, 5399 (1969).
(9) H. K iefer and T . G . T ray lor , i b i d . ,  89, 6667 (1967).

tertiary amine oxides,10 exemplified by that of W-benzyl- 
W-methylaniline IV-oxide (I) (eq 1), must have both 
these characteristics if, as proposed by Schöllkopf,11'12 it 
proceeds via a homolytic dissociation-recombination 
mechanism (eq 2, 3).

We have recently demonstrated2 that the rearrange
ment of I in 80% ethanol-20% water at 70° proceeds 
with a 37% cage effect. Our evidence was that 
molecular oxygen at 1 atm, a scavenger of carbon 
radicals, reduced the yield from 89% (observed under 
nitrogen) to 33%. Oxygen did not, however, prevent 
the formation of II altogether; such behavior is diag
nostic of a cage effect.

(10) (a) J. M eisenheim er, B e r . ,  52, 1667 (1919 ); (b ) J. M eisenheim er, 
H . G reeske, and A . W illm ersdorf, i b i d . ,  55, 513 (1922 ); (c )  R . F . K le in 
sch m id t and A . C . C op e , J .  A m e r .  C h e m . S o c . ,  66, 1929 (1944 ); (d ) R . A . W . 
Joh n ston e in  “ M echanism s o f  M olecu lar M ig ra tion s ,”  V o l. 2, B . S. T h y a - 
garagan, E d ., Interscience, N ew  Y ork , N . Y . ,  1969, p p  257 -26 5 .

(11) U . S ch ö llk op f and H . Schäfer J u s t u s  L i e b i g s  A n n .  C h e m . ,  683, 42 
(1965).

(12) U . Schöllkopf, M . P atsch , and H . Schäfer, T e tr a h e d r o n  L e t t . ,  2515 
(1964).
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We were at that time unaware of a series of “ cross
over”  experiments by Schollkopf, et al.,13 implying a 
cage effect of 75-95% in water or aqueous methanol at
40-80°, markedly incompatible with our estimate. 
We have now extended our investigation to a much 
higher pressure of oxygen, to other scavengers, to 
aqueous methanol at 40° (the conditions used by 
Schollkopf, et al.), and finally to the viscous solvent 
cyclohexanol. We now present these results, which 
support our earlier estimate of the cage effect. We 
shall explain the disagreement between our estimate 
and that from the crossover experiment, relate the 
cage effect to the mechanism of rearrangement, and 
comment on some puzzling observations.

Results

Reaction Products.—The rearrangement of I, pre
pared and stored as its hydrochloride, I HC1, was 
originally conducted in aqueous ethanol in the presence 
of a variety of bases, most frequently sodium hydroxide 
and the primary amine, tris(hydroxymethyl)amino- 
methane (Tris). Whenever Tris was used, the prod
uct II was accompanied by a basic by-product, IV, 
at first thought to be an isomer, which showed nmr 
absorption characteristic of a methyl and a benzyl 
group, as well as aromatic absorption not resolved 
from that of II. Much to our embarrassment, IV 
proved to be the reduction product, V-bcnzyl-V- 
methylaniline, from which the oxide had originally 
been prepared. This was shown by extracting IV 
from the mixture with mineral acid and converting it 
to the picrate, which was identical by melting point and 
mixture melting point with a sample prepared from our 
starting material. Although IV had also arisen in 
runs using sodium hydroxide, it subsequently became 
clear that, in the presence of a slight excess of base, no 
detectable amount of IV was produced. We thus 
abruptly abandoned the use of Tris in favor of 
NaOH. Although thermal reactions of amine oxides 
have invariably produced the corresponding amine, the 
mechanism of this reduction appears not to be under
stood. We found that ca. 50% reduction product 
arose from I HC1 in concentrated aqueous pyridine, 
but a careful search for pyridine N-oxide as the oxi
dation product netted only a 5% yield.

A search was made for bibenzyl and toluene as 
reaction products. Both compounds were detected by 
glpc analysis of the crude reaction products: bibenzyl 
in ca. 0.1% yield from rearrangement of 0.028 M  I HC1

in 80% aqueous ethanol at 70°; toluene was found 
only when I HC1 was initially 0.007 M  (cf. Table II). 
Schollkopf has reported the identification of bibenzyl 
by tic.13 No other products were identified under 
these reaction conditions, although the maximum 
yield of II under nitrogen was only 89%.

A few observations were made using chloroform as 
the reaction solvent, with the thought that its low 
polarity might accelerate the reaction, which involves 
the dissipation of opposite charges. Addition of 
DABCO (1,4-diazabicyclo [2.2.2 [octane), or triethylene- 
diamine, to a chloroform solution of I HC1 led to 
precipitation of some DABCO hydrochloride and 
shifts in the nmr spectrum of the solution attributable to 
formation of at least some free oxide. The solution 
seemed stable enough at room temperature, but re
arrangement took place at slightly higher tempera
tures, so that, even at 60°, CIDNP14 was observed for 
both methyl and benzyl protons of II. The half-time 
at this temperature must not have exceeded a few 
minutes, while that in 80% ethanol at 70° is about 2 hr. 
Further work has not been done using chloroform, but 
we conclude that the rate in chloroform is at least ten 
times, and possibly more than one hundred times, 
greater than in ethanol.

Kinetics.—The rate of rearrangement of I under 
nitrogen and under oxygen was measured at 70.3° with 
the same techniques used to determine products (cf. 
Experimental Section). Because of the small size of 
aliquots, the yields probably entail larger errors than 
the “ one-point”  runs conducted with 200 ml or more of 
solution. Table I shows typical series of yields of II

T a b l e  I
K inetics o f  Rearrangement o f  1“ at 70.3° under N 2 and 0 2 

Y ie ld  of I I ,  M  Y ie ld  of I I ,  M

Time, min under N2 Time, min under O2

0 0 0 0
20 0.00294 20 0.00064
30 0.00434 70 0.00408
60 0.00844 170 0.00552
90 0.00969 220 0.00774

185 0.01196 280 (0.00968)
435 0.01786 400 0.00896
715 0.01932 1355 0.00976
755 0.02032

“ Initial concentration of I HC1 =  0.02804 M ; of NaOH, 
0.0282 M, in 80% aqueous ethanol.

at various times. Plots of log [Ilf/  (Ilf — lit) ] against 
time were linear, and data for both N2 and 0 2 fit the 
same plot. The first-order rate constant was found 
to be 1.0 ±  0.1 X 10~4 sec-1, corresponding to a half- 
life of 110 min.

Oxygen as Scavenger.—Rearrangement of I HC1 in
the presence of excess sodium hydroxide in 80% aqueous 
ethanol at 70° was conducted while bubbling into the 
solution nitrogen, air, or pure oxygen, as previously 
reported.2 The reaction has subsequently been con
ducted in a Parr bottle under 5 atm of pure oxygen, 
using vigorous magnetic stirring. The results are 
collected in Table II. The high-pressure run, per
formed, like the others, in duplicate, gave the same 
yield of II as the run under 1 atm of oxygen. Thus,

(13) U . S chöllkopf, U . L udw ig, M . P atsch , and W . Franken, J u s t u s  L i e b i g s  
A n n .  C h e m ., 703, 77 (1967).

(14) (a) H . R . W ard  and R . G . Lawler, J .  A m e r .  C h e m . S o c . ,  89 , 5518 
(1967); (b ) H . F ischer and J. B argon , Z .  N a t u r f o r s c h . ,  229, 1556 (1967).
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P r o d u c t  Y i e l d s  i n  R e a r r a n g e m e n t  o f  I a t  70.3° 
in  80% E t h a n o l

T able II

-Y ield ,“  % ----------------------------- .
B ibenzyl, 

P h C H  2-
Scavenger (I)o, M II T oluene P h C H O C H 2Ph

None 0.007 67.3 0.66 b

None 0.028 88.6 b b 0.08
None 0.112 41.9e b 8
Air 0.028 41.2 b Trace
0 2 (1 atm) 0.028 36.0 b 17
0 2 (5 atm) 0.028 35.3 43

“ After 13 hr (c a . 6 half-lives); averages of duplicate results.
b None detected. c Also 23% IV and some tar.

oxygen at 1 atm has in fact reduced the yield of II to a 
minimum.

We originally reported2 that benzaldehyde was 
produced in 4%  yield in the oxygen experiments (and 
a trace amount under air). However, using a milder 
means of evaporating the pentane used to extract the 
product, we found benzaldehyde in 17% yield and at 
5 atm, 37 and 49%,, by integrating the formyl proton 
resonance relative to those of the product, II. The 
formation of benzaldehyde supports the notion of 
scavenging of benzyl radicals by oxygen, according to 
eq 4 and 5. It is puzzling, however, that a compound

SH
PhCH2- +  0 2 — >  PhCH20 0  • — >- PhCH2OOH (4)

O H -
PhCH2OOH — >- PhCHO +  H20  (5)

so sensitive to autoxidation survives in the presence of 
peroxy radicals, and that attempts to detect its oxi
dation product, benzoic acid, were negative.

fcrf-Dodecanethiol as Scavenger.—The rearrange
ment was conducted under N2 under the same con
ditions, except with the addition of various amounts 
of feri-dodecanethiol, a good scavenger of carbon 
radicals, but expected to be less effective than oxygen.16 
The yields of II appear in Table III, and indeed a rather 
high concentration of the thiol was required to reduce 
the yield of II to the level attained by the very small

PhCH2- +  RSH — >■ PhCH3 +  RS- (6)

concentration of dissolved oxygen in equilibrium with 
the gas at 1 atm. No attempt was made to ascertain 
whether higher thiol concentrations would further 
reduce the yield of II. The yields of toluene deter
mined by glpc are also included in Table III, and 
roughly account for the deficit in the yield of rearrange
ment product. Control experiments showed sub
stantial losses of toluene during work-up, and the cor
rection factor which is included in the data of Table III 
is undoubtedly not constant, in reality.

A possible complication in these experiments would 
be hydrogen-bond formation between I and the thiol. 
Amine oxides are known to be strong acceptors;16 
thiols will form hydrogen bonds to strong acceptors 
such as sulfoxides, but S-H stretching frequency shifts 
in the infrared are only one-fourth those for the corre
sponding O-H analogs,17 and formation constants are

(15) C . W alling, “ Free R adica ls  in Solution ,”  W iley, N ew  Y ork , N . Y ., 
1957, pp  152, 153.

(16) G. C . P im entel and A . L. M cC lellan , “ T h e H ydrogen  B on d ,”  W . H . 
Freem an, San F rancisco, C alif., 1960.

(17) A . W agner, H . J. B echer, and K . G . K otten h ah n , B e r . ,  89, 1708 
(1956).

T a b l e  III
Y i e l d s  o f  P r o d u c t s  i n  R e a r r a n g e m e n t  o f  I w i t h  

O t h e r  S c a v e n g e r s

Scavenger ---------- Y ie ld , % ---------------------------.
Scavenger concn , M II Toluene® I I  + toluene

RSH 0.00 86.4 86.4
RSH 0.021 84.5 b  84,5
RSH 0.042 75.4 4.3 79.7
RSH 0.084 69.9 12.2 82.1
RSH 0.105 66.1 21.8 87.9
RSH 0.525 33.9 (95 )e (129)
CC14 0.040 82.3ecu 0.124 76.9ecu 1.30 59.0

“ Corrected on basis of 31% recovery in control work-ups.
6 Trace only. c Estimate must be high; recovery during work-up 
probably >31% .

not reported. The presence of a thiol molecule at the 
birth of the geminate radical pair might cause some 
scavenging of caged nitroxyl radicals as in reaction 7;

RSH +  -ONR2 — >- RS- +  HONR2 (7)

reaction 6, however, is too slow to allow this possibility, 
the reported rate constant for a-toluenethiol and benzyl 
radical being 5 X 104 M ~l sec-1.18 Were reaction 7 
able to compete with diffusion, then bulk scavenging 
should have diminished the yield of II at much lower 
thiol concentrations than actually observed. There
fore, hydrogen bond formation between I and thiol is 
probably without consequence in this system.

Tetrahalomethanes as Scavengers.—Carbon tetra- 
bromide, bromotrichloromethane, and carbon tetra
chloride were expected to be fair to excellent scavengers 
for the benzyl radical, as per reaction 8. The tetra-

PhCH2- +  C X , — >- PhCH2X  +  C X 3- (8)

bromide in particular is known to be as good a chain 
transfer agent as n-butanethiol in styrene polymeriza
tion,15 and bromotrichloromethane is an excellent re
agent for chain bromination of alkanes and aralkanes.19 
Unfortunately, CBr4 and BrCCl3 could not be used as 
scavengers, since they caused the pH of reaction 
mixtures to decrease markedly, in accord with litera
ture reports that they undergo chain reactions with 
ethanol, producing acid, haloforms, and acetaldehyde.20 
In the presence of CBr4 or BrCCl3, considerable IV ap
peared, even if base was in moderate excess; BrCCl3 in 
ethanol was even found to consume dilute alkali rapidly. 
It is, of course, possible that CBr4 and BrCCl3 might be 
used in chloroform as solvent.

Only CC14, a relatively poor chain-transfer agent in 
styrene polymerization, could be used as a scavenger 
in the rearrangement of I, and the results at various 
CC14 concentrations are presented in Table III. Even 
at 1.3 1  CC14, the yield of II decreased only to 59%; 
a small amount of chloroform was detected by glpc in 
this run, but not the others, arising presumably from 
reaction 9. It may be doubted that attack on CC14

CCU- +  CH3CH2OH — >- HCCU +  CH3CHOH (9)

(18) R . D . B urkhart, J .  A m e r .  C h e m . S o c . .  90, 273 (1968).
(19) (a) E . S. H uyser, i b i d . ,  82, 391 (1 960 ); (b ) G . J. G leicher, J . O rg .  

C h e m .,  33, 332 (1968).
(20) J. W. H eberling, Jr., and W . B . M cC orm a ck , J .  A m e r .  C h e m . S o c . ,  

78, 5433 (1956).
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actually took place, in view of Walling and Lepley’s 
detection21 of less than 1% of benzyl chloride in 
thermolysis of phenylacetyl peroxide in CCU at 40°. 
In the latter study, however, the concentration of 
benzyl radicals was probably many times greater than 
in the present work, a factor which favors coupling.

Methanol as Solvent.—In order to eliminate the 
solvent as a variable and reconcile our results with those 
of the Schollkopf group,13 we performed two experi
ments in 97% methanol-3% water at 45°, one under 
nitrogen and one under oxygen. The yield of II 
under nitrogen was 68%; under oxygen, 34%. Since 
a rough estimate of the uncertainty of these yields is 
± 4 % , the cage effect might range from 40 to 60%, i.e., 
50 ±  10%.

Cyclohexanol as Solvent. —Cage effects in homolytic 
dissociation reactions are well known to increase with 
viscosity, as the separation by diffusion of geminate 
radical pairs becomes more difficult.4'5’9-22 In search 
of a strong operational test23 of a cage effect, we con
ducted the rearrangement of I in the viscous solvent 
cyclohexanol, which even at 70° is ca. ten times more 
viscous than ethanol.24 It was at first hoped that 
product yields could be determined by the uv spectro- 
photometric method previously used for measuring 
rates of appearance of II and its substituted analogs.13 
In this way, we obtained the rate constant 4.7 ±  0.1 X  
10-4 sec-1 under either nitrogen or oxygen. This 
technique could not, however, be used to measure 
yields, because the absorbance after several half-lives 
was the same under oxygen as under nitrogen. Since 
the yield was expected to be less under oxygen, this 
result was ambiguous and indicated that the by
products, which must also have contained trigonal 
nitrogen bonded to phenyl, had essentially the same 
absorbance as II. The yield of II was measured 
instead using the nmr technique previously employed, 
with the results shown in Table IV, which also gives the

T a b l e  I V

Y i e l d  o f  R e a r r a n g e m e n t  o f  I  in  E t h a n o l  a n d  C y c l o h e x a n o l

%  yie ld  o f I I  under C age effect, 
S olvent N 2 O 2 (1 a tm ) %

78% ethanol 29.5° lO1
97% cyclohexanol 84 58 69

“ Average of duplicate runs; all runs used the same batch of 
of I HC1 and were performed by the same worker. 6 Cf. text.

yield in aqueous ethanol under oxygen as determined 
by the same worker during the same period, with the 
same sample of I HC1. The yield of II under oxygen 
in cyclohexanol is thus evidently doubled compared to 
the yield in ethanol.

Discussion

The Meisenheimer rearrangement presents several 
intriguing mechanistic problems, which have been 
discussed by Johnstone10d and by Schollkopf.13 That

(21) C . W alling and A . E . Lepley, J .  A m e r .  C h e m . S o c . ,  94, 2007 (1972).
(22) W . Braun, L. R a jben bach , and F . R .  E irich , J .  P h y s .  C h e m .,  66, 

1591 (1962).
(23) F . E . H erkes, J. Friedm an, and P . D . B artlett, I n t .  J . C h e m . K i n e t . ,  

1 ,  193 (1969).
(24) “ C h em ical E ngineers’ H an dbook ,”  J. H . Perry, E d ., M cG raw -H ill, 

N ew  Y ork , N . Y .,  1950, pp  372, 373 ; the v iscosities o f cycloh exan ol and 7 0%  
eth an ol at 70° are, respectively , 6.2 and 0.59 cP  (the latter in terpolated  be
tw een  values for 40 and 100 %  ethanol).

of the operation of a cage effect and its magnitude 
under certain conditions has, we believe, been solved 
through the experiments described herein. It is best 
to discuss the evidence for the cage effect in the context 
of existing evidence for mechanism.

Dissociation mechanisms are supported by a variety 
of data, despite the early thought25 26 that an Srn mech
anism might operate.

(1) The entropy of activation for rearrangement of I 
in 97% methanol is +33 eu,13 consistent with for
mation of two particles, but highly inconsistent with an 
intramolecular migration, which must involve decrease 
of rotational entropy. A complication is the probably 
concomitant loss of water hydrogen bonded to the 
oxygen.

(2) Optically active A-benzyl-a-di-dimethylamine 
oxide, in which the benzyl a. carbon is asymmetric, 
produces the dimethyl analog of II with 61-78% race- 
mization, i.e., 22-39% retention of configuration.12 A 
dissociation mechanism explains this result, but a 
concerted, intramolecular mechanism is expected to be 
completely stereospecific. In the cage part of the 
rearrangement, one expects coupling to compete with 
rotation4 of the benzyl radical; some net retention of 
configuration should result.

Additional data are consistent with dissociation 
mechanisms in general and support or require a radical 
mechanism in particular.

(3) CIDNP14 (chemically induced dynamic nuclear 
polarization, now more correctly called chemically 
induced nuclear spin sorting) has been observed in at 
least two examples of the Meisenheimer rearrangement, 
that of I26a and that of benzyldimethylamine oxide 
hydrate (neat).26b That is, when the rearrangement 
has been conducted in an nmr spectrometer at a 
temperature such that it is rapid, the products have 
shown emission with greatly enhanced intensity, 
rather than absorption of normal intensity. This is 
compelling evidence that a major part of the reaction 
follows a radical cleavage-recombination mechanism. 
That both methyl and benzyl protons of I and the 
dimethyl analog have shown emission is in accord with 
prediction for geminate radicals.27 The kinetics ob
served under both 0 2 and N2 (cf. discussion, vide infra) 
are consistent with a single cleavage mechanism, only 
part of which produces trappable radicals.

(4) Methylphenyl nitroxide radical has been detected 
during rearrangement of I in methanol, via esr spec
troscopy.13 The amount of radical produced was very 
small, however, and it might arise from a minor com
peting process. We believe otherwise, but the mere 
observation of the radical by no means proves that all 
the rearrangement involves it.

(5) The yield of toluene from rearrangement of I in 
aqueous ethanol is vanishingly small. A carbanion 
mechanism should produce a large quantity of toluene 
by diffusion-controlled proton transfer from the protic 
solvent (eq 10).

PhCH2-  +  ROH — PhCHs +  RO~ (10)

(25) (a) G . M . B en nett and A . W . C hapm an, A n n .  R e p . ,  122 (1930 ); 
(b ) C . R . H auser and S. W . K an tor, J .  A m e r .  C h e m . S o c . ,  73, 1437 (1951).

(26) (a) G . O sterm ann and U. Schollkopf, J u s t u s  L i e b i g s  A n n .  C h e m .,  737, 
170 (1970) ; (b ) A .  R . Lepley, J .  A m e r .  C h e m . S o c . ,  92, 1101 (1970).

(27) R . K aptein , C h e m . C o m m u n . ,  732 (1971 ); w e assum e the a -p ro to n  
h fc  for  benzyl radical to  be negative, for the /3 (C H 3) p rotons o f  th e  n itroxy l 
radical, positive, and the latter has the larger g  value.
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(6) Polar substituents affect the rate of rearrange
ment of I much less than expected if dissociation 
produced a carbanion. Thus, substitution in the 
migrating benzyl group gives p + 0 .9 ,13a while sub
stitution in IV-phenyl gives p +0.9 also.13b In con
trast, the base-catalyzed hydrogen isotope exchange of 
substituted toluenes has p +4 .0 .28 The sign of p for 
the rearrangement is inconsistent with formation of 
benzyl cation; benzyl radical is therefore implicated.

The sign of p is the opposite of that usually found for 
radical reactions, e.g., radical chain halogénations of 
substituted toluenes; bromination by Br2 or NBS has 
p —1.4.29 The usual explanation has been contribution 
of charge-transfer resonance structures to the tran
sition state, as depicted for bromination and Meisen- 
heimer rearrangement in eq 11 and 12. Zavitsas has

[PhCH2- — H--~Br PhCH2+— H— Br~] — ►

PhCH2- +  HBr (11)
CT -O

PhCH2— -N+CH3 PhCHü— ■IN-— CH,

Ph Ph
0

PhCH2r — n +ch3 

Ph

Radicals (12)

recently questioned this idea,30 and shown that sub
stituent effects in certain systems correlate remarkably 
closely with differences in bond energies. Either 
interpretation of substituent effects focuses attention 
on the covalent bond scission. Schôllkopf, however, 
has neglected this approach in attributing the p values 
to dissolution of the oxide-water hydrogen bond. In 
support, he notes that the dissociation constants of the 
conjugate acids of the amine oxides give p +1.3. 
While this factor may contribute in the proper direction, 
it is unlikely that dissociation of hydrogen bonds, in 
which the proton is less than 20% transferred to the 
basic atom,31 can have a p value as large as that for 
Br0nsted acidity and, even less likely, a AH* value in 
excess of 30 kcal/mol.

The charge-transfer hypothesis is supported by 
published rate data32 (Table V). Most striking is the

T a b l e  V
E f f e c t  o n  M i g r a t i n g  G r o u p  S t r u c t u r e  o n  

R e a r r a n g e m e n t  R a t e

,— 103 k ,  s e c “ 1, fo r  stationary groups—. 
- (C I L D -

M igra tin g  group (CH3)2 - ( C H 2) 6- 0(CH2)2-
Diphenylmethyl 4.4 3.5 1.8
9-Fluorenyl 5.3 5.1 3.5
Phenyl-o- 11.8 10.0 5.2

tolylmethyl
p,jo'-Dmitrodi- 200

phenylmethyl

(28) D . J. Cram , “ Fundam entals o f  C arban ion  C h em istry ,”  A cad em ic 
Press, N ew  Y ork , N . Y .,  1965, p  29.

(29) R . E . Pearson  and J. C . M artin , J .  A m e r .  C h e m . S o c . ,  85, 3142 
(1963).

(30) A . A . Zavitsas, i b i d . ,  94, 7390 (1972).
(31) D . Gurka, R . W . T a ft , L . Joris, and  P . v . R . Schleyer, i b i d . ,  89, 

5957(1967).
(32) A . H . W ragg, T . S. Stevens, and D . M . O stle, J .  C h e m . S o c . ,  4057 

(1958).

40-fold acceleration due to two p-nitro groups in di- 
phenylmethyldimethylamine oxide. The failure of the
9-fluorenyl analogs to rearrange significantly faster than 
diphenylmethyl must be due to compensation by an 
opposing effect, the absence of steric strain in the
9-fluorenyl oxide. The 2.5-fold greater rate of the
o-tolyl compound suggests that relief of steric strain is 
important. Alternatively, the data of Table V could 
be explained according to Zavitsas, that is, in terms of 
the ability of substituents to decrease bond energies by 
delocalizing the unpaired electron.

Reversibility of Radical Cleavage.—The initial 
cleavage, 2, is probably irreversible, because optically 
active I in which the chiral center is nitrogen does not 
racemize during rearrangement.13 Reversibility should 
lead to a detectable, if small, degree of racemization.

The fact that the rate of rearrangement of I is the 
same under oxygen as under nitrogen further supports 
this conclusion. If the scission were reversible, bulk 
radicals should also couple to regenerate I, as well as to 
form II. Oxygen would eliminate this and raise the 
observed rearrangement rate. A classic case in which 
this occurs is the thermal rearrangement of N -( 1- 
cyanocyclohexyl)pentamethyleneketenimine to l,l '-d i- 
cyanobicyclohexyl, which proceeds by dissociation into 
pairs of 1-cyanocyclohexyl radicals.33

Effect of Solvent on Rate.—The Meisenheimer re
arrangement appears to be accelerated by decreases 
in solvent polarity, although the available data are 
limited. The rate for I increases by over two orders of 
magnitude when the solvent is changed from 97% 
methanol to 3% water-97% tetrahydrofuran.13 We 
have concluded (vide supra) that the reaction is some 
two orders of magnitude more rapid in chloroform than 
in aqueous ethanol. These observations deserve fur
ther investigation, in order to determine whether the 
rate variations are due to (a) favoring of the dissipation 
of charge at the transition state by less polar solvents, 
or (b) weakening of hydrogen bonding, i.e., solvation, 
of the oxide, raising its energy and increasing its rate of 
dissociation.

The Cage Effect. —The effect of radical scavengers on 
the outcome of the Meisenheimer rearrangement has 
not previously been taken into account. We have 
found the scavenger oxygen, known to react very 
rapidly with carbon radicals,15 to reduce the yield of II 
from I to a limiting value which is 40% of that in its 
absence. In addition, terf-dodecanethiol and possibly 
carbon tetrachloride also diminished the yield of II, 
although limiting yields were not established in these 
cases. The role of all three of these must be to react 
with free benzyl radicals according to eq 4, 6, and 8, 
preventing them from reacting with free nitroxide 
radicals; the products benzaldehyde, toluene, and 
chloroform are indicative of these reactions. Oper
ation of a cage effect explains the existence of a 
limiting yield, the inability of the scavenger to react 
with 100% of the radicals which form. Previous 
studies of cage effects have shown that, even when the 
radical-scavenger reaction is diffusion controlled, more 
than 0.1 M  scavenger concentration is required to 
interfere with a cage effect.34 In our experiments the

(33) C -H . S. W u , G . S. H am m on d, and J. M . W righ t, J .  A m e r .  C h e m . S o c . ,  
82, 5386 (1960).

(34) H . P . W aits and G . S. H am m on d, i b i d . ,  86, 1911(1964).
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concentration of oxygen in solution never exceeded 
0.01 M, and was usually much less. The thiol used and 
CC14 were expected to be less reactive than oxygen 
toward benzyl radicals, and accordingly much higher 
concentrations were required to depress the yield of II. 
Thus, even at the concentrations of 0.5 and 1.3 M, 
respectively, these compounds could not have sup
pressed the cage effect itself. CC14 at 1.3 M  decreased 
the yield only to 59%. The cage effect in 80% ethanol 
at 70° is thus regarded as being 40%, and that in 97% 
methanol at 45°, ca. 50%. If the latter is significantly 
greater than the former, it is consistent with the known 
tendency of cage effects to increase at lower tempera
tures, as viscosity increases.4

It might be argued that a different mechanism is 
responsible for the 36% yield of II not eliminated by 
oxygen. This is the Achilles’ heel of the cage effect 
hypothesis, which may be defended in the following four 
ways.

(1) The phase of the CIDNP effect (in the case of I 
and its dimethyl analog, emission) agrees with theory 
for geminate radicals. Existing theory35 is powerful 
and has succeeded in accounting for enhancement 
factors, phase, the multiplet effect, and other aspects 
of CIDNP. The most convincing experiment in the 
present context would be observation of CIDNP in the 
presence of an efficient scavenger to prevent coupling 
of any but geminate radicals. This might be done 
using CBr4 or BrCCl3 in chloroform solution.358

(2) If the rearrangement could be conducted in the 
vapor phase, in the presence of a scavenger, the yield 
should fall to zero, since at low pressures there are no 
cages. Although this experiment has provided elegant 
support for other cage effects, e.g., that which forms 
methyl acetate in the thermal decomposition of acetyl 
peroxide,36 it is probably not applicable here because 
of the low or nil volatility of amine oxides.

(3) The rate constant for the rearrangement of I is 
the same under oxygen as under nitrogen. Were 
another mechanism involved, a different rate constant 
should apply to the nonscavengeable part of the re
action. The rate constant under nitrogen would be 
the sum of that rate constant and the rate constant 
characteristic of the production of free radicals. Since 
the cage effect is roughly one-third of the total, the 
rate should be one-third under oxygen what it is under 
nitrogen, if two mechanisms were involved. For the 
cage-effect mechanism, the rate-limiting step, cleavage 
of I into two radicals, is the same whether caged or free 
radicals are considered. Following, as we have done, 
the formation of product, one in effect neglects two- 
thirds of the reaction, but, since the kinetics are first 
order, the rate constant is the same. We are not 
aware of the application of this criterion in any previous 
case, nor, more important, are we aware of any case 
which does involve two mechanisms, one nonradical, 
the other producing radicals with almost no cage 
effect, and both producing the same product.

(4) The limiting yield of rearrangement product is 
greater in a more viscous solvent. This criterion has

(35) G . L . Closs, J .  A m e r .  C h e m . S o c . ,  91 , 4552 (1969); R . K aptein  and 
L . J. O osterhoff, C h e m . P h y s .  Lett., 4, 195, 214 (1969).

(35a) N ote  A dded  in  P r o o f .— A . R . L ep ley  has recently  reported  to  the 
senior au th or very  strong em ission from  I I  in a m ull o f  IHC1, D A B C O , 
and B rC C h .

(36) L . H erk, M . F eld , and M . Szwarc. J .  A m e r .  C h e m . S o c . ,  83, 2998 
(1961).

been applied often, like no. 2; it depends on the antic
ipated decrease in rate of diffusion of radicals from 
their cage as the viscosity increases. We find the 
limiting yield in cyclohexanol to be 58%, which is 
69% of the yield under nitrogen. A cage effect of 
69% is nearly double that found in ethanol, an increase 
which is consistent with increases observed in other 
systems. It is noteworthy that viscous alcohols, in
cluding also glycerol and other glycols, have been used 
only twice previously37'38 for investigating cage effects. 
Although this has provided us some anxious moments, 
the burden of proof is on the one who dares to suggest 
that a viscous solvent will not increase a cage effect. 
We prefer the thought that this observation and the 
previous ones extend the range of viscous solvents use
ful for investigating cage effects.

It might be argued that the alleged increase in cage 
effect in cyclohexanol is an illusion, actually due to 
decreased efficiency of oxygen as scavenger. That is, 
if the scavenging reaction is diffusion controlled, its 
rate must decrease considerably with a tenfold increase 
in viscosity, and a significant amount of coupling of 
bulk radicals to II might compete with scavenging. 
While an experiment conducted at 5 atm would settle 
the matter, we can present two additional observations 
which strongly refute this objection. First, the 
solubility of oxygen must be greater in cyclohexanol 
than in aqueous ethanol, both at 70°, by Henry’s law, 
since the former is much less volatile; i.e., the partial 
pressure of oxygen over cyclohexanol is more nearly 1 
atm. Second, the decrease in rate of scavenging due 
to viscosity increase would be comparable to that due 
to decreasing the partial pressure of oxygen, as by 
changing from pure oxygen to air. In the ethanol 
experiments, this increased the yield of II from 36% 
to only 41%, an increase of less than one-fifth.

Discrepancy between the Present Results and Those 
of Schollkopf, et al.—The Schollkopf group has argued13 
that the rearrangement in methanol or water is intra
molecular, i.e., has a cage effect, to the extent of 75- 
95%, depending on solvent and temperature, in serious 
conflict with our estimate using the scavenger method. 
Their crossover experiment, decomposition of equal 
mixtures of I and I-d2, and mass spectrometric analysis 
of the product for II, II-di, and II-d2, is capable of

I +  D_ ^ _ C H 2N+^ g ^ D (13)

CH3 
I -d2

b u l k  J  N ^ c a g e

II + n-dj +  II-d2 II + n-d2 only

affording an accurate estimate of cage effect. An 
analogous experiment39 with the thermal decomposition 
of azo-l-phenylethane at 105° gave a result in excellent 
agreement with that of a scavenger experiment.40 
Evidently, however, the amine oxide solutions were 
not degassed; so most of the product isolated, in un
stated yield, must have been cage product. This

(37) W . N . W h ite , H . S. W hite, and A . Fentim an, i b i d . ,  92, 4477 (1970 ).
(38) W . K . R ob b in s  and R . H . E astm an , i b i d . ,  92, 6076, 6077 (1970).
(39) S. Seltzer and E. J. H am ilton , i b i d . ,  88, 3775 (1966).
(40) F. D . G reene, M . A. B erw ick , and J. C . Stow ell, i b i d . ,  92, 867 (1970).
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explains the fact that the product was predominantly 
II and II-d2, with very little II-<% Our experiments 
with methanol underscore this interpretation.

Stereochemistry of the Rearrangement of I .—We
have noted in our communication2 that the cage effect 
of I and the extent of retention of configuration in 
migrating benzyl-a-di in the dimethyl analog of I are 
similar, although, owing to low rotation values, the 
latter value is not accurately known. Nevertheless, 
since the bulk reaction must lead to quantitative 
racemization, the retention occurs entirely in the cage 
process, and is very high, 62-100%. A second case, 
also involving the cleavage of only one bond, has been 
studied by Porter, et al.,7 the photodissociation of 
optically active phenylazo-2-phenylbutane. In hexa- 
decane, only about 10% racemization of azo compound 
took place, while about 50% of the remaining azo 
compound had undergone dissociation (inferred from 
the dependence of the quantum yield on viscosity in a 
series of paraffins).

The behavior of a typical two-bond initiator, azo-1- 
phenylethane, contrasts strongly with the pattern set 
by the Meisenheimer rearrangement and Porter’s azo 
compound. Thermal decomposition of the optically 
active azoethane gave 2,3-diphenylbutane which was 
nearly a statistical mixture of d, l, and meso forms, 
even for the cage process (in the presence of the scaven
ger 2-methyl-2-nitrosopropane).40 In this case a 
nitrogen molecule intervenes between the geminate 
radicals, and this may increase the probability that a
1-phenylethyl radical will rotate by 180° from its 
original orientation. Since, however, these experi
ments were performed at 105°, one should await a 
study of the photolysis at ambient temperature before 
pinning the blame on the nitrogen molecule.

Why is the yield of the Meisenheimer rearrangement 
nearly quantitative? In other words, why isn’t more 
bibenzyl formed, if part of the reaction involves free 
radicals? Those radicals which diffuse into the bulk 
would normally give three coupling products in ratio 
1:2:1, one of which should be bibenzyl. The clue is 
that one radical, methylphenyl nitroxide, is observable,13 
while the other, benzyl, is not. The nitroxide cannot 
couple with itself, but it can scavenge benzyl radicals. 
A similar situation obtains in the thermal decom
position of ¿erf-butyl triphenylperacetate, Ph3CC03- 
C(CH3)3, in cumene, in that triphenylmethyl radical 
builds up and scavenges terf-butoxy and cumyl radicals; 
dicumyl cannot be detected.6

The way in which the nitroxide radical attains its 
high concentration has already been suggested by 
Schollkopf: dimerization early in the reaction destroys 
benzyl radicals, converting them to bibenzyl. For
mation of 0.05% bibenzyl from 0.01 M  I allows the 
formation of 10 _5 M  nitroxide, easily detected by esr. 
The rapid rate of scavenging of benzyl radicals by 
nitroxide—inferred from the existence of a cage effect 
involving both— keeps the concentration of benzyl 
below observable limits. Schollkopf did not believe 
that the detectable nitroxide radicals played a major 
role in the reaction, while our postulated cage effect 
of ca. 40% indicates that they produce more than half 
the product. Johnstone10d considered the kinetic and 
esr results to conflict, in that intermolecularity implied 
to him a departure from first-order kinetics. If,

however, bond scission is rate determining, no amount 
of complications after this step can affect the kinetics, 
provided that there is no attack of radicals on amine
oxide.

Experimental Section
General.— Nmr spectra were recorded and integrated on a 

Varian A-60 instrument; for later work a Jeolco C-60HL was 
utilized. For quantitative analyses of II, benzaldehyde, and 
toluene, the sample was dissolved in a known volume of CC14 
containing a known concentration of anisole (S for methyl protons,
3.55 ppm, remote from peaks of any products), and the methyl 
and/or methylene or formyl singlets integrated. Synthetic 
mixtures of II, toluene, and anisole were likewise integrated, and 
corrections applied.

Glpc analyses were performed with an F & M  Model 700 
chromatograph, the recorder equipped with a disc integrator. 
Quantitative analysis of toluene and bibenzyl was achieved with 
reference to synthetic mixtures.

Monoperphthalic Acid.— The method of Payne41 was used with 
slight modification. A solution of sodium carbonate monohy
drate (62 g, 0.5 mol) in 250 ml of water in a 1-1. beaker was 
cooled to —3 to —5° in brine, stirred magnetically, and chilled 
30% hydrogen peroxide (68 ml, 0.6 mol) was added; the tem
perature remained below 0°. Phthalic anhydride, well pulver
ized (75 g, 0.5 mol), was added and the solution was stirred 
vigorously for 30 min, when all the anhydride had usually dis
solved. Ether (350 ml) was added, then slowly 30 ml of con
centrated sulfuric acid in 150 ml of water; gas was evolved; and a 
slushy white precipitate of phthalic acid formed. After filtration 
through glass wool into a 2-1. separatory funnel, the aqueous layer 
was further extracted with three 250-ml portions of ether. The 
combined ether extracts were washed with cold 40% ammonium 
sulfate solution and dried over magnesium sulfate in the refrigera
tor. Analysis by iodimetry, treatment of 2 ml of ethereal solu
tion with 15 ml of 20% aqueous potassium iodide, followed by 
titration with 0.100 N  sodium thiosulfate solution, indicated a 
yield of 88% ; yields ranged from 69 to 99% in other runs.

Af-Benzyl-lV-methylaniline A'-Oxide Hydrochloride (I HC1).—  
A modification of the method of Stevens, et al.,32 was used. A 
chilled solution of W-benzyl-AAmethylaniline (Eastman) (70 g, 
0.35 mol) in anhydrous ether was treated with ethereal mono
perphthalic acid solution in 10% excess, at 0°, in a resin kettle 
equipped with a thermometer and stirring bar, immersed in an 
ice-salt bath. After stirring for 16-20 hr at —2 to 0°, the ether 
was decanted, the pale yellow-green cake on the kettle walls was 
dissolved in methylene chloride, and dry hydrogen chloride was 
bubbled through for 0.5 hr. The solution turned deep rose and 
phthalic acid precipitated. This was filtered off and the solvent 
was stripped under vacuum. The clear brown, viscous syrup 
which remained was dissolved in 100 ml of warm acetone, when a 
copious crop of white crystals appeared, which were collected 
under suction and dried. The material was stable indefinitely if 
stored under hydrogen chloride gas. The yield was 44.0 g 
(50.6% of theory); mp 126-127° with slow heating, 134-135° 
with rapid heating (lit. mp 124-126°,42 131°,32 or 135°43) ; nmr S
4.22 (3 H, singlet, methyl) and 5.46 ppm (2 H, AB quartet, 
methylene), in chloroform; aromatic absorption hidden by sol
vent. Anal. Calcdfor ChH^NOCI (mol wt, 249.7): C, 67.20; 
H, 6.44; N, 5.60; Cl, 14.20. Found: C, 67.32; H, 6.48; N, 
6.09; Cl, 14.34.

Oxygen Scrubber.— Prepurified nitrogen was passed through a 
scrubber, prepared as follows, on its way to the reaction vessel. 
Zinc amalgam was prepared by adding mossy zinc to mercury in a 
beaker. To this was added 3 N  hydrochloric acid to clean the 
zinc and hasten its amalgamation. The amalgam, washed several 
times with distilled water, was transferred to a 0.5-1. gas washing 
bottle. An aqueous solution of 60 ml of perchloric acid and 20.5 
g of chromic perchlorate hydrate in 500 ml of water was added to 
the bottle. The resulting blue-black solution turned bright 
peacock blue as nitrogen passed through it for several hours. 
When the amalgam becomes exhausted, the green color of chromic 
ion appears.

(41) M . Payne, J .  O r g . C h e m ., 24, 1354 (1959).
(42) J. M eisenheim er and J. HofFneinz, J u s t u s  L i e b i g s  A n n .  C h e m .,  385, 

117 (1919).
(43) J. M eisenheim er, i b id . ,  449, 188 (1926).
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General Procedure for Rearrangement of I.— The reaction 
vessel was typically a 1-1., three-necked, round-bottomed flask 
fitted with two 1.5-ft condensers in series, a calibrated thermom
eter graduated in 0.1°, and a glass tube for bubbling oxygen or 
nitrogen through the solution. For runs conducted under nitro
gen, a four-necked flask was used, the fourth neck being attached 
via flexible tubing (latex or Tygon) to a second, two-necked flask 
in which a solution of base was purged of air before being poured 
under slight nitrogen pressure into the solution of I HC1. Both 
flasks were thermally equilibrated in a large constant-temperature 
water bath for ca. 1 hr or more before mixing.

For a typical run under nitrogen, I HC1 (0.495 g, 1.99 mmol), 
in 200 ml of 80% ethanol in the four-necked flask, and NaOH, 
(0.150 g, ca. 3.7 mmol) in 200 ml of 80% ethanol in the two
necked flask, were purged with scrubbed nitrogen and equilibrated 
at 70.3°. The base solution was poured into the I solution 
through the tubing and the mixture was allowed to stand under 
a slow nitrogen stream for 20 hr. The reaction mixture was 
poured into 800 ml of ice-cold saturated salt solution and ex
tracted with five 150-ml portions of pentane. The pentane was 
stripped through a 1-ft glass helices packed column by means of 
a warm water bath. The residue, 2.5 ml, was analyzed by nmr 
(vide supra) after addition of 1.0 ml of 1.98 M  anisole in CCh. 
The yield of II was 67% ; no IV was detected.

Runs under air or oxygen were carried out similarly, except 
that purging prior to mixing was usually omitted.

The two runs at 5 atm oxygen employed a 500-ml Parr pressure 
bottle connected by copper tubing and compression fittings to 
the outlet of a reducing valve on an oxygen cylinder. Stirring 
was done with an oval Teflon-covered stirring bar and a magnet, 
attached to a speedometer cable, immersed in the water bath 
and driven by a stirring motor. The reducing valve was set at 
60 psig after the vapor space had been purged briefly with oxygen, 
the flask was immersed in the bath, and stirring was begun. 
After ca. 13 hr, more than 6 half-lives, the pressure was released 
and the solution was worked up as described above. In these and
I atm oxygen or air runs, benzaldehyde was detected and de
termined by nmr (formyl resonance at 10.0 ppm), as well as by 
odor. The yield of benzaldehyde was high only if the stripping 
of pentane was done with tepid water; use of hot water or steam 
resulted in low yields.

When tert-dodecanethiol was used as scavenger, it was added 
via a disposable syringe after mixing of the amine oxide and base 
solutions. CC14 when used as scavenger was added to the base 
solution before mixing.

Kinetics of the Rearrangement of I HC1.— Kinetic runs were 
carried out with slight modifications of the above techniques. 
In place of the thermometer there was a long Teflon syringe 
needle, to withdraw aliquots, 100 ml at first, decreasing to 50 ml 
at the end, as the concentration of product increased. The ali
quots were quenched in ice water and worked up and analyzed for
II as above. Rate constants were calculated from slopes of plots 
of log [IIf/(IIf — lit)] vs. time. The length of time required for 
one-point experiments was chosen according to the results (c/. 
text).

Recovery of Toluene.— Synthetic mixtures containing ca. 0.5 
mmol of toluene and some II in 80% ethanol were prepared and 
subjected to the standard work-up procedure. The recovery of 
toluene averaged 31% while that of II was quantitative. The 
observed yields of toluene were corrected by dividing by 0.31. 
No control was run for the largest amount of toluene observed,
1.13 mmol; in this case the correction factor should probably be 
smaller than 1/0.31.

Reaction of Tetrahalomethanes with Ethanolic Base.— A 0.10 M
solution of bromotrichloromethane in 80% ethanol was allowed 
to stand overnight at room temperature. The apparent pH as 
measured with a meter was 1.8; a 5-ml aliquot diluted to 45 ml 
had pH 2.5. Standard aqueous 0.1 N  NaOH was added; 5.0 ml 
brought the pH to 3.00, 6.5 ml to 4.70, and 10.0 ml to 11.80. 
Ten minutes later, the pH had drifted to 3.4.

A 0.10 M solution of carbon tetrabromide in 80% ethanol had 
pH 1.3 after standing overnight. Standard aqueous 0.1 N  base,
3.0 ml, brought the pH to 11.60; 10 min later the pH was 10.0.

A 0.10 M  solution of carbon tetrachloride in 80% ethanol, after 
standing for 40 min, had pH 7.3; dilution with 40 ml of ethanol 
brought the pH to 5.4. Only 0.5 ml cf 0.1 N  base was required 
to bring the pH to 12.3, where it remained for at least 10 min.

Rearrangement of I in Chloroform.— I HC1 (3.0 g, 12 mmol) 
was dissolved in 200 ml of chloroform, and ammonia was bubbled 
in for 0.5 hr at 0°. The white precipitate of ammonium chloride

was removed by filtration, and the chloroform was stripped on a 
rotary evaporator over a steam bath. CC14 (25 ml) was added 
and evaporated to remove traces of chloroform. The residue, a 
golden yellow liquid, bp 90° (0.1 mm), weighed 2.28 g (10.7 
mmol) (maximum), 89% of theory: nmr S 2.90 (3 H, singlet, 
methyl) and 4.76 ppm (2 H, singlet, methylene), in the aliphatic 
region, identical with the spectrum of the product from re
arrangements in 80% aqueous ethanol. There was no absorption 
due to IV, which absorbs at 5 2.84 (3 H, methyl) and 4.35 (2 H, 
methylene) ppm, both singlets. Anal. Calcd for C14H15NO 
(mol wt, 213.27): C, 78.84; H, 7.08; N, 6.56. Found: C, 
78.42; H, 6 .88; N, 6.74.

CIDNP from Rearrangement of I in Chloroform.— I HC1 (ca. 
125 mg, 0.5 mmol) was dissolved in 1 ml of chloroform in an nmr 
tube. The spectrum showed a methyl singlet at S 4.22 and a 
methylene AB quartet at 5.46 ppm. After addition of DABCO 
(l,4-diazabicyclo[2.2.2]oetane), ca. 100 mg (0.9 mmol), stopper
ing, and shaking, some precipitate remained. It was previously 
shown that DABCO hydrochloride is insoluble in chloroform. 
The nmr spectrum now showed, besides the singlet at 3.0 ppm due 
to DABCO, both methyl and methylene signals of I at higher 
field by ca. 0.3 ppm. Addition of more DABCO caused slight 
further shifts to higher field. The solvent shifted simultaneously 
to lower field by ca. 0.3 ppm, attributed to hydrogen bonding to 
both DABCO and the free amine oxide. (A solution of pyridine 
V-oxide in chloroform showed a similar low-field shift of the 
solvent resonance.)

The probe of the A-56-60 spectrometer was heated to 60° and 
the tube containing the chloroform solution of I and DABCO was 
reinserted. Scans of the spectrum within the first 2 min showed 
negative emission singlets at 2.9 and 4.7 ppm, characteristic 
chemical shifts of the methyl and methylene protons of II. 
Within 10 min, these became positive absorption peaks.

A'-Benzyl-iV-methylaniline.— I HC1 (12.1 g, 0.0485 mol) was 
allowed to rearrange for 19 hr at 72° in 350 ml of 80% ethanol 
in the presence of tris(hydroxymethyl)aminomethane (Tris) 
(29.0 g, 0.24 mol) under nitrogen. The work-up proceeded as 
above, affording 7.7 g of orange-yellow oil, the nmr spectrum of 
which showed singlets in the aliphatic region characteristic of 
both II and IV. The product was partitioned between pentane 
and aqueous 0.1 N  HC1, the aqueous phase was made basic with 
dilute NaOH solution, and the oil which separated was extracted 
into pentane, which was stripped, leaving IV (3.2 g, 0.015 mol) 
(31% ), bp 85° (0.15 mm), nmr as given above for IV. Addition 
of authentic IV (Eastman) enhanced existing nmr peaks. For 
picrates, the reaction product (from MeOH) had mp 101-102°; 
authentic IV (from MeOH) had mp 101-102°; the mixture had 
mp 101-102°; authentic material (from EtOH) had mp 101- 
104 ° ; the mixture of picrates of an authentic sample (from MeOH 
and EtOH) had mp 101-104° (lit. mp 103°,44 128°I0b; the lat
ter melting point reported for material from EtOH, combustion 
analysis reported to agree with formula C20H18N4O7).

Anal, (of authentic material from EtOH). Calcd for 
C20H18N4O7 (mol wt, 426.37): C, 56.47; H, 4.03; N, 13.17. 
Found: C, 56.20; H, 4.21; N, 13.30.

We conclude that the report10b of mp 128° for IV picrate is in 
error.

Reactions of Amines with Amine Oxides. A. I HC1 and Tri- 
ethylamine.— I HC1 (1.0 g) and triethylamine (4.1 g) in 50 ml of 
90% ethanol were heated at 70° for 4 hr, and the standard 
work-up was applied. The products showed no evidence of IV 
in the nmr. Repetition of the experiment at 80° for 10 hr with 
the same, and then threefold, amount of triethylamine gave 
traces of IV.

B. Trimethylamine Oxide and Ar-Benzyl-A -methylaniline.—
A solution of these compounds, 4.0 and 1.8 g, respectively, in 50 
ml of 90% ethanol was refluxed for 19 hr. Following standard 
work-up, the nmr of the product showed no evidence of II.

C. I HC1 and Pyridine.— A solution of these compounds (1.0 
and 5 g, respectively) in 50 ml of 90% ethanol was refluxed for 4 
hr under nitrogen. Standard work-up gave a product consisting 
of IV and II in approximate ratio 2 :1 . Pilot experiments were 
undertaken to develop a method of determining pyridine Ar-oxide: 
the reaction mixture was to be diluted with several hundred 
milliters of water and the pyridine removed by distillation; 
pyridine W-oxide would remain in the residue and be determined

(44) R. L. Shriner, R. C. Fuson, and D. Y. Curtin, "The Systematic
Identification of Organic Compounds, A Laboratory Manual,”  5th ed,
Wiley, New York, N. Y., 1964, p 336.



by uv absorption. Pyridine has Xmax 256 nm (log e 3.5); pyridine 
IV-oxide has Xmax 255 nm (log e 4.1). Distillation of a dilute 
solution of pyridine caused eventual disappearance of the 256-nm 
maximum, but end absorption persisted off scale at low wave
length; evidently an impurity had been concentrated. Distilla
tion had no effect on the absorbance of dilute pyridine JV-oxide 
solution [A-oxide from Aldrich was recrystallized from CC14; 
colorless plates, mp 68-69° (lit.46 mp 65-66°), were used]. Distil
lation of a solution of pyridine and pyridine A-oxide gave a uv 
spectrum lacking the fine structure characteristic of pyridine, but 
with Xmax 255 nm, and going off scale as characteristic of the im
purity in pyridine. The reaction mixture, after pentane extrac
tion of II and IV, gave after distillation a residue with the uv 
maximum typical of pyridine A-oxide and the impurity; ab
sorbance of 2.11. of solution was 0.60; concentration of oxide was 
therefore 4.3 X 10~6 M , total 9.1 X  10_5mol; theoretical yield 
of oxide assuming 65% yield of IV  was 2.7 X 10~3 mol; actual 
yield was 3.3% of theory.

(45) H . S. M osher, L . Turner, and A . C arlsm ith, “ O rganic Syntheses,”  
C ollect. V ol. IV , W iley , N ew  Y o rk , N . Y . ,  1963, p 828.

D e c o m p o s i t i o n  o f  N - N i t r o s o -1 V -m e t h y l u r e a

Registry N o . - I  HC1, 16547-17-4; II, 6880-03-1; 
IV, 614-30-2; IV picrate, 38734-75-7; monoperthalic 
acid, 2311-91-3; 0 2, 7782-44-7; feri-dodecanethiol, 
25103-58-6; CC14, 56-25-3.

Acknowledgments.—We are grateful to the Depart
ment of Chemistry at Rice University for permission to 
use the Varian A-56-60 nmr spectrometer while J. P. L. 
was attending the 159th National Meeting of the 
American Chemical Society in Houston, and to Pro
fessor Arthur R. Lepley for assistance in performing the 
CIDNP experiment. We thank Mr. David G. Jelinek 
(Central Michigan University) for reinvestigating the 
picrate of V-benzyl-V-methylaniline. This work was 
supported by grants from the U. S. Army Research 
Office, Durham, and the Graduate School of Boston 
University.

J. Org. Chem., Vol. 38, No. 10, 1973 1821

Mechanism of the Base-Induced Decomposition of iV-Nitroso-iV-methylurea
Sid n ey  M. H ech t* and  John  W. K ozarich  

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Received December 28, 1972

The mechanism corresponding to the base-induced decomposition of A-nitroso-A-methylurea is discussed. 
Evidence is presented for the decomposition which is consistent with initial abstraction of a urea proton, but 
not with a mechanism involving initial nucleophilic addition to the nitroso or carbonyl groups.

The base-induced decomposition of V-nitrosoam- 
ides, -carbamates, and -ureas to diazoalkanes has been 
the subject of many synthetic and mechanistic in
vestigations. The mechanistic considerations, in par
ticular, have stimulated considerable debate. In 
1894, von Pechmann established that the hydroxide- 
induced decomposition of nitrosocarbamates afforded 
diazoalkanes.45 1 Hantzsch and Lehmann2 3 4 isolated the 
methyl and benzyl diazotates (1) and demonstrated 
that treatment of 1 with water afforded the corre
sponding diazoalkanes.

N = 0
con ed  _

RCH2NCOEt — >■ RCH2N = N O K +
l  K0H 1

jm o

r c h n 2
R =  H, C6H6

An investigation by Gutsche and Johnson3 of the 
methoxide-induced decomposition of several V-nitroso- 
V-benzylcarbamates expanded this scheme (Scheme 
I) and the subsequent isolation of methyl ethyl carbon
ate4 from the base-induced conversion of V-nitroso- 
V-cyclohexylurethane (2 a) provided convincing evi
dence for a mechanism initiated by methoxide attack 
on the carbonyl carbon. This scheme has also been 
established as operative for the decomposition of N-

(1) H . v on  Pechm an n, C h e m . B e r . ,  27, 1888 (1894).
(2) A . H antzch  and M . L ehm ann, C h e m . B e r . ,  35, 897 (1902).
(3) C . D . G u tsch e and H . E . Johnson , J .  A m e r .  C h e m . S o c . ,  77, 109 

(1955).
(4) F. W . B ollinger, F . N . H ayes, and S. Siegel, J .  A m e r .  C h e m . S o c . ,  72, 

5592 (1950).

S c h e m e  I
Ü2 N = 0  R2 O

R i i —NCRs R ,C N =N O  +  RO^Rs

À A i  I
2 3 T

R-2 R-2
I I

R iCN2 -<---------------- R ,CN =N O H
I

H
a, R, =  H; R2 =  C6II„ ; R 3 =  OEt
b, RiR2 =  (CH2)3; R3 — NH2

nitrosoamides.6“ 7 Similarly, by indicating the for
mation of alkyl carbamate, Applequist and McGreer8 
implied that the alkoxide-induced decomposition of 
V-nitroso-V-cyclobutylurea (2b) to diazocyclobutane 
was initiated by attack on the carbonyl moiety.

In 1966, however, Jones, Muck, and Tandy9 de
scribed experiments which appeared to exclude the 
Applequist and McGreer scheme as a possible mech
anism for the conversion of V-nitroso-iV--(2,2-diphenyl- 
cyclopropyl) urea to 2,2-diphenyldiazocyclopropane. 
They provided an alternate mechanism involving alk- 
oxide attack on the nitroso moiety of the urea (Scheme 
II). A third mechanism which involved proton ab
straction as the first step (Scheme III) was also ex
cluded on the basis of several observations. Jones, 
et al.,9 were careful to limit their discussion to the 
decomposition of A-nitroso-W-(2,2-diphenylcyclo-

(5) R . H uisgen  and J. R einertshofer, J u s t u s  L i e b i g s  A n n .  C h e m .,  575, 
174 (1952).

(6) R .  H uisgen , J u s t u s  L i e b i g s  A n n .  C h e m .,  673, 173 (1951).
(7) C . D . G utsche and I . Y . C . T a o , J .  O r g . C h e m .,  28 , 883 (1963).
(8) D . E . A p p leq u ist and D . E . M cG reer, J .  A m e r .  C h e m . S o c . ,  82, 1965 

(1960).
(9) W . M . Jones, D . L . M u ck , and T . K . T a n d y , Jr., J .  A m e r .  C h e m .  

S o c . ,  88, 68 (1966).
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S c h e m e  II
N = 0  R O N O -

I -O R  |
R i N C N H 2 — > -  R J S T C N E UA A

— H N C O
R ] N = N O H  -< ----------------R O N O H

- O R

R , N = N O R  

5

R i N C N HA
O H
H N C O

propyl)urea. A subsequent review has, unfortunately, 
indicated the validity of the mechanistic conclusions 
for “ several nitrosoureas.” 10 We therefore wish to 
discuss our findings for the base-induced decomposi
tion of A-nitroso-A-methylurea.

During the course of a study on the generation and 
utilization of diazomethane, it became apparent that 
the mechanism outlined in Scheme II was inconsistent 
with the alkoxide-induced decomposition of A-nitroso- 
A-methylurea, a transformation which might better 
be rationalized by the mechanism outlined in Scheme 
III. The experiments which led to this conclusion

S c h e m e  III
N = 0  N = g *

RCHN. RCH JiC N H , R C H .N ^ C ^ S H

A Al
- N C O  +  R C H , N = N O H  - * — R C H i N = N O ~  +  H N C O

have been described briefly in a previous report.11 
A more detailed description of these experiments, 
with additional evidence in favor of the proton ab
straction mechanism, is now presented.

Results and Discussion

the decomposition of A-nitroso-A-(2,2-diphenylcyclo- 
propyl)urea or N -nitr oso-A-methylur ea.

In addition, the finding that lithium 2,2-diphenyl- 
cyclopropyl diazotate was stable to lithium ethoxide- 
ethanol and to isocyanic acid strongly suggested that 
the mechanism outlined in Scheme III could not be 
operative for the decomposition of A-nitroso-A- 
(2,2-diphenylcyclopropyl)urea, since it contained the 
diazotate as an obligatory intermediate. In this 
regard the chemistry of methyl diazotate appears to 
differ from that of lithium 2,2-diphenylcyclopropyl 
diazotate. Specifically, treatment of CH3N =N O ~K + 
with excess isocyanic acid in tetrahydrofuran at 0°, 
under rigorously anhydrous conditions, afforded potas
sium cyanate and nitrogen liberation, corresponding 
to the formation of diazomethane. When decom
position was effected in the presence of isocyanic acid 
and a less acidic carboxylic acid, the methyl carboxyl- 
ate was formed. Similar results were obtained when 
a single equivalent of isocyanic acid was employed or 
when excess diazotate was present. Thus, there exists 
at least one diazotate whose reactivity with isocyanic 
acid is consistent with the mechanism outlined in 
Scheme III.

Clearly, this finding suggests that the proton-ab
straction mechanism should not be dismissed a priori 
as incorrect for all A-nitroso-A-alkylureas. Simple 
considerations of acid-base equilibria make a rapid, 
quantitative proton transfer (urea, pK & =  16; eth
anol, pK & =  17) an attractive first step in the decom
position. Moreover, several experiments suggest that 
the proton-abstraction mechanism (Scheme III) is 
actually operative in the decomposition of A-nitroso- 
A-methylurea. For example, treatment of A-nitroso- 
A-methylurea with sodium hydride in dry 1,2-di- 
methoxyethane under anhydrous conditions resulted 
in the decomposition of the urea to diazomethane12 
in quantitative yield, according to the following equa
tion.

N = 0

ChJ î ÇNH î +  2NaH ■
NaOHi +  2H2T +  CH 2N 2 +  NaCNCH

Published evidence excluding the carbonyl addition 
mechanism (Scheme I) for the base-induced decom
position of A-nitroso-A-(2,2-diphenylcyclopropyl)urea 
is substantial. Jones, et al,,9 found less than 1% ethyl 
carbamate resulting from the lithium ethoxide induced 
decomposition of A-nitroso-A-(2,2-diphenylcyclopro- 
pyl)urea. They also determined that ethyl carbamate, 
had it been formed, would have been stable to thereaction 
conditions, a finding which has been corroborated in this 
laboratory. Also, decomposition via the mechanism out
lined in Scheme I would require the presence of at 
least a catalytic amount of ethanol. Alcohol-free 
lithium ethoxide was found to effect the decomposi
tion of A-nitroso-A-(2,2-diphenyleyclopropyl)urea in 
anhydrous ether in 20 min at 0°. A similar result has 
been obtained in this laboratory for A-nitroso-A- 
methylurea. These two lines of evidence are suffi
cient to exclude the carbonyl addition mechanism for

(10) G . W . C ow ell and A . Ledw ith , Q u a r t .  R e v . ,  C h e m . S o c . ,  24, 1191 
(1970).

(11) S. M . H ech t and J. W . K ozarich , T e tr a h e d r o n  L e t t . ,  5147 (1972).

The strongly basic nature of sodium hydride (pAa 
= 40) undoubtedly precludes nucleophilic addition 
to the nitroso group in the presence of the relatively 
acidic urea protons (pK a =  16).13 A similar result 
was obtained from the addition -of 1 equiv of anhy
drous n-butyllithium to a solution of A-nitroso-A- 
methylurea in dry 1,2-dimethoxyethane. Immediate 
decomposition of the urea to diazomethane was ob
served; this material could be used in the conversion 
of 1 equiv of a carboxylic acid to its methyl ester (87% 
yield). If the decomposition was run in the presence 
of a second equivalent of n-butyllithium, lithium 
methyl diazotate was formed.

The decomposition of A-nitroso-A-methylurea with 
hindered bases also supports this mechanism. Treat
ment of the urea with excess triethylamine in 1,2- 
dimethoxyethane effected decomposition to diazo-

(12) iV -N itroso-iV -m ethylu rea is stable to  a suspension o f  sod iu m  h y 
d rox ide  in  d ry  1 ,2-dim ethoxyethane, under the reaction  cond itions.

(13) W . P . Jencks and J. R egenstein  in  “ C R C  H a n d b ook  o f  B ioch em is
tr y ,”  2nd ed, H . A . Sober, E d ., C h em ica l R u b b er  C om p a n y , C leveland , 
O hio , 1970, pp  J -187-J -226 .



nium products. Since triethylamine is a very hindered 
base, which exhibits poor nucleophilic properties as a 
result of this steric hindrance, the proton-abstraction 
mechanism (Scheme III) would seem more consistent 
with the observed results. Treatment of A-nitroso- 
A-methylurea with 1 equiv of potassium terf-butoxide 
also resulted in the rapid formation of diazomethane. 
Treatment with a twofold excess of potassium tert- 
butoxide resulted in the formation of potassium methyl 
diazotate, which rapidly decomposed to diazomethane 
upon addition of water.14

Additional supporting evidence may be obtained 
from the decomposition of A-nitroso-A'-methylurea 
with anions of widely varying base strength and nucleo
philic character. The mechanism outlined in Scheme 
III can only be operative in the presence of a strong 
base. In this context, it is significant that the half- 
life of A-nitroso-Ar-methylurea in the presence of 
phenoxide and thiophenoxide anions was ~ 7 5  and 210 
sec, respectively, in the sense that phenoxide is a 
stronger base than thiophenoxide (although a far 
weaker nucleophile). Under the same conditions, 
the decomposition of A-nitroso-A-methylurea by 
hydroxide ion was too fast to measure. Further 
verification of base control in the decomposition was 
provided by the smaller amount of A-nitroso-A- 
methylurea decomposed by a given amount of thio
phenoxide, relative to the phenoxide anion (Figure 1).

The results of decomposition obtained for A-ni- 
troso-A-(2,2-diphenylcyclopropyl)urea and A-nitroso- 
A-methylurea might be considered compatible if the 
apparent stability of 2,2-diphenylcyclopropyldiazotate 
to moderately strong acids could be explained. A 
reasonable approach to this problem might be the 
initial assumption that the reaction pathway from the 
individual diazotates to their respective final products 
was achieved via transition states of rather different 
energies. For example, early work in this field15 16 
established the difference in reactivities of syn and 
anti aryl diazotates. While the syn diazotates (6) 
rapidly afforded diazonium ions, their anti isomers
(7) yielded these products slowly, the rate-determining 
step in the latter case apparently involving isomeriza
tion to the syn diazotate or formation of the conjugate 
acid (8).16 Although alkyl diazotates have not been

.0  ^ o h 2
N = N  N = isr  N = N

Ar CT Ar Ar
6 7 8

noted to isomerize, ostensibly owing to the instability 
of each of the geometrical isomers,17 2,2-diphenyl- 
cyclopropyldiazotate might be thought to exist largely 
as the less reactive anti isomer owing to steric con
straints and to possess a higher energy barrier to de
composition than other alkyl diazotates on the basis 
of steric or electronic effects associated with the
2,2-diphenylcyclopropyl moiety. Alternatively, 2,2-di-

(14) F or Schem e I I  to  be  operative  here, it  w ou ld  be  necessary to  p o s td 
ate th at d e p r o to n a t i o n  o f  the d iazoh ydrox ide  occu rred  faster than its d ecom 
position  w hile p r o t o n a t i o n  o f  th e  d iazota te  was slow .

(15) H. Zolling, “ D ia zo  and A zo  C hem istry, A liph atic and A rom atic  C om 
pounds,”  Interscience, N ew  Y ork , N . Y . ,  1961.

(16) B. A . P ora i-K osh its , Z h .  O r g . K h i m . ,  2 ,  1 1 2 5  (1966).
(17) E . H . W hite , T. J. R y a n , and K . W . F ield , J .  Amer. C h e m . S o c . ,

94, 1360 (1972).
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Figure 1.— Decomposition curves for Af-nitroso-A-methylurea 
in the presence of thiophenoxide (A) and phenoxide (• ) anions, 
respectively.

phenylcyclopropyl diazotate might be thought to 
form the observed ring-opened product via some species 
other than a diazoalkane, e.g., a carbene.18

Experimental Section
Ultraviolet spectra were recorded on a Cary 15 spectropho

tometer. Infrared spectra were determined on a Perkin-Elmer 
457A spectrophotometer, through the courtesy of Professor Diet- 
mar Seyferth.

Treatment of Potassium Methyl Diazotate with Isocyanic Acid 
in Tetrahydrofuran.— Isocyanic acid was generated by thermoly
sis of cyanuric acid at 380-400° and introduced into tetrahydro
furan which had been precoolec to 0°. The normality of the 
solution was determined by titration of an aliquot with a stan
dardized sodium hydroxide solution. Potassium methyl di
azotate (0.10 g, ~ 1 .0  mmol) was suspended in 10 ml of TH F at 
0°. Isocyanic acid (~ 0 .6  mmcl) in 50 ml of THF was added 
and the mixture was stirred at 0° under anhydrous conditions 
for 3 hr, during which time gas evolution was observed. The 
reaction mixture was then concentrated and an infrared spectrum 
of the residue revealed the presence of cyanate ion (2275 cm “ 1).

This reaction was repeated utilizing an isocyanic acid solution 
which contained excess p-nitrobenzoic acid. At the conclusion 
of the reaction the solution was concentrated and treated with 
ether. The ethereal layer was extracted with water and sodium 
bicarbonate solution and dried. Concentration afforded methyl 
p-nitrobenzoate in 90% yield, based on limiting diazomethane.

Decomposition of A'-Nitroso-A'-methylurea with Sodium Hy
dride in 1,2-Dimethoxyethane.— To a suspension of sodium 
hydride (1.00 g, 41.7 mmol) in 20 ml of 1,2-dimethoxyethane at 0° 
was added IV-nitroso-A-methylurea (2.15 g, 20.8 mmol) in 15 
ml of 1,2-dimethoxyethane. The suspension was maintained 
under anhydrous conditions. Gas evolution began immediately 
and the mixture was stirred at 0° for 3 hr. The solution slowly 
turned yellow owing to the generation of diazomethane. The 
diazomethane solution was decanted and utilized in the methyla- 
tion of an excess of p-nitrobenzoic acid (3.43 g of ester isolated, 
corresponding to 91% diazomethane formation.) No IV-nitroso- 
A-methylurea remained at the conclusion of the reaction, as 
judged by ultraviolet spectroscopy.

Decomposition of jV-Nitroso-lY-methylurea with n-Butyllithium 
in 1,2-Dimethoxyethane. One Equivalent of n-Butyllithium.—  
To a solution of N-nitroso-Y-methylurea (220 mg, ~ 2 .2  mmol) 
in 10 ml of 1,2-dimethoxyethane was added n-butyllithium (1 ml,
2.2 M  in pentane, 2.2 mmol). Lithium cyanate (98 mg, 91%, 
identified by infrared spectroscopy) precipitated from solution, 
which assumed the yellow color indicative of diazomethane for
mation. The diazomethane solution was utilized in the esterifi-

(18) F or a th orou gh  discussion o f  possible interm ediates see (a) W . M . 
Jones and M . H . G rasley, T e tr a h e d r o n  L e t t . ,  927 (1962); (b ) ref 9; (c) W . M . 
Jones and J. h i . W albrick, J .  O r g . C h e m .,  34, 2217 (1969).
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cation of p-nitrobenzoic acid (346 mg of methyl p-nitrobenzoate 
isolated, 87% yield, based on limiting CH2N2).

Two Equivalents of n-Butyllithium.— To a sodium of JV-nitroso- 
A-methylurea (220 mg, ~ 2 .2  mmol) in 10 ml of 1,2-dimethoxy- 
ethane under N 2 was added ra-butyllithium (2 ml, 2.2 M  in 
pentane, 4.4 mmol). A  precipitate (202 mg) formed and no 
diazomethane generation was observed. Quenching of the iso
lated precipitate with H20  afforded rapid gas liberation and 
diazomethane, suggesting that the precipitate was a mixture of 
lithium cyanate and the methyl diazotate. This was supported 
by the infrared spectrum of the solid, which had bands at 2275 
(cyanate) and 2180 cm “ 1 (diazotate).

Decomposition of A’ -Nitroso-A'-methylurea with Triethylamine 
in 1,2-Dimethoxyethane.— To a solution of A-nitroso-iV-methyl- 
urea (0.50 g, ^ 5  mmol) in 15 ml of 1,2-dimethoxyethane at 0° 
was added triethylamine (2.7 ml, 25 mmol). Gas evolution be
gan immediately and the decomposition of the urea was followed 
spectrophotometrically. The reaction was complete in 45 min. 
The final solution contained cyanate ion, as judged by infrared 
spectroscopy. The diazomethane generated by this procedure 
could be trapped by the addition of p-nitrobenzoic acid to the 
initial reaction mixture.

Decomposition of iV-Nitroso-A’-methylurea with Potassium 
f«rf-Butoxide in ierf-Butyl Alcohol.— To a solution of potassium 
terf-butoxide (2.17 g, 19.4 mmol) in 50 ml of ferf-butyl alcohol at 
20° was added iV-nitroso-A-methylurea (1.0 g, 9.7 mmol). The 
suspension was maintained under nitrogen and stirred for 20 min. 
Essentially no diazomethane was observed to have been formed. 
The suspension of potassium cyanate was filtered, yield 0.73 g 
(96%), identification by infrared spectroscopy. The filtrate was 
concentrated under diminished pressure to afford potassium 
methyl diazotate as a yellow solid, yield 0.76 g (~ 8 0 % , identifica
tion by infrared spectroscopy), which rapidly decomposed (gas

evolution) upon addition of water. Decomposition of the urea 
with 1 equiv of potassium ferf-butoxide resulted in the rapid 
formation of diazomethane. The diazomethane could be utilized 
in the conversion of p-nitrobenzoic acid to its methyl ester. The 
yield of diazomethane (based on methyl p-nitrobenzoate formed 
in the presence of excess p-nitrobenzoic acid) was about 90% . 
Work-up of the initial reaction mixture indicated the presence of 
potassium cyanate (93%) and methyl diazotate (18% ).

Rate of Decomposition of A’-Nitroso-A'-methylurea by Sodium 
Phenoxide and Sodium Thiophenoxide.— A-Nitroso-JV-methyl- 
urea (67 mg, 0.65 mmol) was dissolved in 20 ml of 1,2-dimethoxy
ethane. The solution was cooled to 0° and sodium phenoxide 
(75 mg, 0.65 mmol) was added quickly. At 30-sec intervals, 
20 /A of the solution was added to 2 ml of EtOH and acidified with 
2 drops of 1 N  hydrochloric acid solution, which quenched the 
reaction. The ultraviolet absorbance spectrum (A230) was re
corded for each aliquot and then 4 N  sodium hydroxide solution 
was added to decompose the unreacted urea. The solution was 
reacidified and A230 was again recorded. The difference in each 
set of two spectra was employed as a measure of unreacted N- 
nitroso-A-methylurea. A control experiment demonstrated that 
all A-nitroso-A-methylurea absorbance was eliminated by the 
acid-base treatment and did not affect the other reactants.

Data for the phenoxide- and thiophenoxide-induced decom
positions of A-nitroso-A-methylurea indicated half-lives of de
composition of ^ 7 5  and 210 sec, respectively.

Registry No.—W-Nitroso-W-melhylurea, 684-93-5.
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The potassium enolate of ethyl 2-methoxy-5-nitro-4-pyridinepyruvate was C-alkylated and C-acylated with 
methyl iodide, ethyl iodide, «-propyl iodide, ethyl bromoacetate, ethyl chloroformate, and benzyl chloroformate 
and the corresponding ethyl 2-oxobutyrate, 2-oxocaproate, 2-oxoglutarate, and the oxalacetates were obtained. 
The same procedure afforded the 2-benzyloxy and 2-anisyloxy oxalacetates. Reductive cyclization of the a-keto 
monoesters afforded the corresponding ethyl 5-methoxy-6-azaindole-2-carboxylates and in several cases also 
the l,2,3,4-tetrahydro-3-oxy-6-methoxy-l,7-naphthyridin-2-ones. The 6-azaindoles were transformed with 
hydrobromic acid into the corresponding 6-azaindanones, which were reduced to the corresponding 2-carboxy-
3-alkylpyrrole lactams. The latter were transformed into the corresponding 4-alkyl-3-carboxymethyl-2- 
aminomethylpyrroles. The catalytic hydrogenation of the oxalacetates, followed by cyclization of the result
ing 5-aminopyridines, afforded 2,3-dicarbethoxy-6-azaindoles and 2,3-dicarbethoxy-6-azaindanone. The latter 
were transformed by catalytic hydrogenation into diethyl 5-oxo-3a,4,5,6-tetrahydro-li7-pyrrolo [2,3-c] pyridine-
2,3-dicarboxylate which could not be saponified to a 2-aminomethylpyrrole.

The synthesis of 2-aminomethyl-3-carboxymethyl- 
pyrroles was a task of particular interest in pyrrole 
chemistry ever since it was conclusively established1 
that the natural metabolite porphobilinogen was a
2-aminomethyl-3-carboxymethyM-carboxyethylpyrrole 
1. This unique compound has no other metabolic

h o ,c c h 2c h ,x  ^ c h 2co2h

X X
n^ c h 2n h 2

1

analogs and, since it is the precursor of all the natural 
porphyrins, chlorins, and corrin derivatives,2 it was 
tempting to develop a synthetic method which should

(1) G . H . C ook son  and C . R im in gton , B i c c h e m .  J . ,  57, 476 (1954).
(2) J. Lascelles, “ T etrapyrrole B iosynthesis and its  R eg u la tion ,”  W . A . 

B en jam in, N ew  Y ork , N . Y .,  1964, p  47.

afford not only porphobilinogen but also analogous 2- 
aminomethylpyrroles to study their chemical and bio
logical behavior. 2-Aminomethylpyrroles proved also 
to be very suitable intermediates for dipyrrylmethane 
synthesis,3 being in many senses more advantageous 
than the classical 2-bromomethyl or 2-acetoxymethyl- 
pyrrole derivatives.

In our previous work4 we approached the problem of 
the synthesis of porphobilinogen 1 by considering it to 
be a derivative of a 5-oxo-4,5,6,7-tetrahydro-6-azaindole 
(pyrrole lactam) structure. The synthesis of the 6- 
azaindole ring was then achieved4 by a sequence mod
eled on the Reissert-type synthesis of indoles, which 
was based on the synthesis of the ethyl o-nitro-4-pyr-

(3) B . F rydm an , S. R eil, A . Valasinas, R . B . F rydm an , and H . R a p o -  
p ort, J .  A m e r .  C h e m . S o c . ,  93, 2738 (1971).

(4) B . Frydm an , M . E . D espuy, and H . R a p op ort, J .  A m e r .  C h e m . S o c . ,  
87, 3530 (1965); B . F rydm an , S. R eil, M . E . D esp u y , and H . R a p o p o rt , 
i b i d . ,  91, 2338 (1969).
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idinepyruvates 2 and 3, and its catalytic hydrogenation 
and subsequent cyclization to give the corresponding 
ethyl 6-azaindole-2-carboxylates. The easily available 
potassium enolates of 2 and 3 offered the possibility of 
obtaining different 4-alkyl-2-aminomethyl-3-carboxy- 
methylpyrroles by a C-alkylation of the pyruvate car
bon atom followed by subsequent synthetic sequence 
analogous to that used in our previous porphobilinogen 
synthesis.4 The C-alkylation on the same carbon 
atom could also open the possibility of obtaining 2- 
aminomethylpyrroles with (3-unsaturated residues. An 
additional ethyl pyridinepyruvate was obtained by 
preparing 2-anisyloxy-5-nitro-4-methylpyridine 4 and 
condensing it with ethyl oxalate in the presence of po
tassium ethoxide. The resulting ethyl 2-anisyloxy-5- 
nitro-4-pyridinepyruvate 5 had the potential synthetic

2, R = CH3
3, R = CH2C6H5
5, R = CH2C6H4-p -OCH3

CH,

p-CHaOCeHÆCO

N02

N

advantage of the lability of the anisyloxy group to 
treatment with mild acids.

By treating the potassium enolate of 2 with alkyl 
iodides or ethyl bromoacetate the corresponding a- 
keto esters 6, 7, 8, and 9 were obtained. The attempted 
alkylation of the potassium enolate with ethyl /3-iodo- 
propionate was unsuccessful and led to the recovery of 
the ethyl pyridinepyruvate 2 and to formation of ethyl 
acrylate by a ^-elimination reaction. The C-acylation 
of 2 with ethyl chloroformate and benzyl chloroformate 
afforded the corresponding oxalacetates : diethyl 3- 
(2,-methoxy-5'-nitro-4'-pyridyl)oxalacetate (10) and 
the benzyl ethyl oxalacetate 11.

In a similar manner, treatment with ethyl chloro
formate of the potassium enolates of 3 and 5 allowed the 
synthesis of the oxalacetates 12 and 13 (Scheme I and 
Table I).

T a b l e  I
Ethyl 3-(5'-Nitro-4'-pyridyl)-2-keto Esters'*

M p, Yield,
Compd ”C %

6 83-84 40
7 35-36 326
8 48-50 14&

9 C 24*
10 64-65 65
11 84-86 50d
12 83-84 60d
13 64-65 40d

“ Satisfactory analytical data (± 0 .3 %  for C, H, and N) were 
reported for all compounds: Ed. 6 Prepared with the same
procedure used for the synthesis of 6. c Bp 188-190° (0.005 
mm). d Prepared with the same procedure used for the syn
thesis of 10.

S c h e m e  I

6, R = CH3
7, R = C2H5
8, R = n-C3H7
9, R = CH2C02C2H5

RO

ÇCC02Et 
N02

H,CO N
10, R = C02C2H5 
1! R = C02CH2C6H5

3,R = C6H5CH2 
(potassium salt)

5,R =p-CH3OC6H4CH2
(potassium salt)

C02C2H5

c ic o 2c 2h 5

THF

RO'

CHCOC02Et 
N02

12, R = CRAB,;
13, R =p-CH3OC6H4CH2

x = halogen

15 (23%) and the l,2,3,4-tetrahydro-3-oxy-4-ethyl-6- 
methoxy-l,7-naphthyridin-2-one 16 (47%) (Scheme 
II). Both substances could be easily separated due to

S c h e m e  II

h3co

9, R = CH2C02C2H5

N ^ C 0 2C2H5 
15, R = C2H5 
17, R = CH2C02C2H6

R
H3CO^ ^  X  .OH 

'H
N ^ O  
H

N:

16, R = C2H5
18,R = CH2C02C2H5

The catalytic hydrogenation of 6 over palladium 
afforded exclusively the ethyl 3-methyl-5-methoxy-6- 
azaindole-2-carboxylate 14, formed by the spontaneous 
cyclization of the intermediate 5-aminopyridine. 
When the same reductive cyclization was applied to 
the a-ketovalerate 7 two compounds were obtained: 
the ethyl 3-ethyl-5-methoxy-6-azaindole-2-carboxylate 8
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their different basicities, since the naphthyridinone 
16 gave a water-soluble hydrochloride while the 6- 
azaindole 15 did not. The catalytic hydrogenation of 
the a-ketoglutarate 9 afforded the 3-ethoxycarbonyl- 
methyl-6-azaindole 17 (73%), together with some 3- 
oxynaphthyridinone 18 (11%), and they were also 
separated by making use of their different basicities. 
The catalytic hydrogenation of the a-ketocaproate 8, 
resulted in the exclusive formation of the 3-oxy-4- 
propyltetrahydronaphthyridinone 19.

The formation of both types of ring systems, 6- 
azaindoles and 1,7-naphthyridinones, can be rational
ized on the basis of the keto-enol equilibrium of the 
a-keto esters. As can be seen in Table II the 4'-

Table II
Keto-E nol Equilibrium of Ethyl 

3- (5 '-Nitro-4 '-pyridyl)-2-keto Esters“
R'O R

n^ y —  CHCOCOAH5 

NO,
C om p d  H , C = C (O H )

R'° .  R OH
V = \  I I

n n V - C = C C 02C2H5 

NO,

6

7

8

9

10
11
12
13

5.2, q, 1 
(J =  7 .0 )

5.5, t, 0 .5 7.32, s, 0 .5
(J =  8 .0)

7.2, s, 1

5.5, t, 1 
(J =  8 .0)

7.25, s, H 
7.2, s, 1 
7.7, s, 1 
7.65, s, 1

1.6, d, 3 (J =  7 .0 )

1.4, t, 4 .5 ;
4.3, m, 3

0.9, t, 3 (J =  6 .0) 
1.67, q, 2 (J  =  6.0) 
3.9, t, 2 (J =  6 .0)
3.05, d, 2 (J =  8 .0)

“ Nmr spectra: (S values, multiplicity, integral value (J  in Hz). 
6 Ir spectra 3500 (OH), 1790, 1750 (CO esters), 1670 cm "1 (CO 
keto).

pyridyl-2-keto esters exist in a keto-enol equilibrium. 
The shift of the hydroxylic proton in the latter (5 7.2) 
suggest that it exists in an intramolecular hydrogen 
bond, probably bridged with the oxygen of the vicinal 
ester carbonyl group. When the simultaneous hydro
genation of the enol form and the nitro group took place, 
the formation of the six-membered ring was the only 
choice and a 3-oxynaphthyridin-2-one was obtained. 
In the case of 6, where the steric effect of the methyl 
group and the ethoxycarbonyl group repressed entirely 
the enol formation, only a 6-azaindole was obtained, 
since the formation of a five-membered ring could be 
expected to prevail as long as the a-keto group is avail
able. This was also the predominant compound during 
the reductive cyclization of 9, while 8 afforded only a 
naphthyridinone and 7 a mixture of both types of com
pounds, as could be expected from the equilibrium be
tween the keto and enol forms (Table II).

The catalytic hydrogenation of the oxalacetates 10- 
13 took a different course. The benzyl ethyl oxalace- 
tate 11, when reduced with hydrogen either over pal
ladium or over platinum under mild conditions, was 
unexpectedly transformed into the ethyl 5-methoxy-6- 
azaindole-2-carboxylate 20. The loss of the benzyl- 
oxycarbonyl group could originate in a previous hydro-

20

genolysis of the benzyl group followed by a decarboxyla
tion during the cyclization process.

The catalytic hydrogenation of the diethyl oxalace- 
tate 10, however, afforded the 5-aminopyridine deriva
tive 21 together with a small amount of its reduced de
rivative, the diethyl malate 22 (Scheme III). The 5- 
aminopyridine 21 existed entirely in its enolic form (see 
Experimental Section) and the nonformation of a 3- 
oxynaphthyridinone derivative must be attributed to 
the steric effect across the double bond, with the ethoxy
carbonyl and aminopyridyl groups lying trans to each 
other. Its cyclization could not be achieved by thermal 
means (boiling butanol or decaline) or by treatment 
with p-toluenesulfonyl chloride in pyridine. An effi
cient cyclization method was achieved by treatment 
with phosphorus pentoxide in xylene, which resulted in 
the exclusive formation of the diethyl 6-azaindole- 
2,3-dicarboxylate 23. In an analogous manner, the 
catalytic hydrogenation of the 2'-benzyloxy diethyl 
oxalacetate 12 afforded the 5-aminopyridine derivative 
24, which was cyclized by treatment with phosphorus 
pentachloride in dry chloroform to the 5-benzyloxy-6- 
azaindole derivative 25.

The catalytic hydrogenation of the 2'-anisyloxy-4'- 
pyridyloxalacetate 13 took place with a simultaneous 
hydrogenolysis of the anisyloxy group which could 
also be cleaved with trifluoroacetic acid first, and the 
resulting 2,-hydroxy-5,-nitro-4'-pyridyl oxalacetate 26 
could then be hydrogenated to the 5-aminopyridine 
derivative 27. The ir and nmr data indicated that 
both 26 and 27 had the a-pyridone structure. The 
ester 27 could also be obtained directly from 12 by 
catalytic hydrogenation, as mentioned above, but the 
overall yields were lower than in the two-step proce
dure. The diethyl 5-aminopyridone oxalacetate 27, 
was then cyclized by means of the phosphorus pentox- 
ide-xylene procedure and the 6-azaindanone 28 was 
obtained. The structure of 28 was assigned on the 
basis of its spectral data. The cyclic amide carbonyl 
adsorbed at 1675 and 1640 cm-1, the nmr spectra indi
cated the presence of a methylene group and an aro
matic proton in the ring, and the fragmentation in the 
mass spectrum showed the loss of a ring carbonyl group. 
The 6-azaindoles 14, 15, and 17 were then transformed 
into the corresponding 2-aminomethylpyrroles. The 
synthesis of 17 by a multistep procedure and its trans
formation into 3,4-dicarboxymethyl-2-aminomethyl- 
pyrrole has already been described.4 The present 
simplified synthesis of 17 makes the aforementioned 
pyrrole easily accessible. The two azaindoles 14 and 
15 were treated with hydrobromic acid, the ether group 
was cleaved and the 6-azaindanones 29 and 30 were 
obtained (Scheme IV).

The ir and nmr spectra confirmed the assigned struc
tures, isomeric with the formerly described 6-azainda-



2-Aminomethylpyrroles J. Org. Chem., Vol. 38, No. 10, 1973 1827

S c h e m e  III

An = anisyl

none 28. By catalytic hydrogenation of 29 and 30, 
the 2-carboxypyrrole lactams 31 and 32 were obtained. 
They were decarboxylated by heating at 100° in water. 
The obtained lactams 33 and 34 were very stable to 
oxidation by air and to heat (they were easily sublimed), 
unlike the open-chain alkylpyrroles. In trifluoroacetic 
acid they existed entirely in the conjugated a-pyr- 
rolenine form (see Experimental Section).

H H

They were saponified at room temperature to the 
corresponding 2-aminomethylpyrroles 35 and 36 
(Scheme IV). These pyrroles were very unstable and 
started to polymerize at 37° forming porphyrins, as was 
discussed in detail elsewhere.5

The available intermediates also allowed a simple 
synthesis of the interesting 2-aminomethyl-3-carboxy- 
methylpyrrole 37. The catalytic hydrogenation of the 
anisyloxy pyridinepyruvate 5 afforded directly the 2- 
ethoxycarbonylpyrrole lactam 38 in good yield. 
(Scheme IV). The intermediate 6-azaindanone deriv
ative was not isolated and must be reduced “ in situ"

(5) R . B . Frydm an , S. R eil, and B . F rydm an , B i o c h e m i s t r y ,  10, 1154 
(1971).

during the hydrogenation. The lactam 38 was trans- 
esterified to the benzyl ester 39 and the latter was 
transformed by hydrogenolysis into the 2-carboxy
pyrrole 40. The transformation of 40 into 37 has al
ready been described elsewhere.4

The sequence of reactions depicted in Scheme IV was 
now applied to the 2,3-dicarbethoxy-6-azaindoles in the 
hope of obtaining the lactam 42. When the azaindole 
23 was treated with hydrobromic acid, the carboxy 
group at C-3 was unexpectedly cleaved and the 2- 
carboxy-6-azaindanone 41 was obtained. Hydro
genolysis of the diethyl 5-benzyloxy-6-azaindole-2,3- 
carboxylate 25 afforded the 3a,4,5,6-tetrahydro-6- 
azaindole 43, instead of the expected pyrrole lactam 42 
(Scheme V ).

This was also an unexpected result since the ethyl
5-benzyloxy-6-azaindole-2-carboxylate was transformed 
directly by hydrogenolysis into the 2-ethoxycarbonyl- 
pyrrole lactam 38.4 Catalytic hydrogenation of 28 
under the usual conditions (45 psi) afforded a fully 
reduced compound whose mass spectrum (M + 284) 
and nmr spectrum were consistent with structure 44. 
Catalytic hydrogenation of 28 at low pressure stopped 
at the tetrahydro stage and the lactam 43 was obtained. 
Treatment of 43 with base or acids did not isomerize it 
to the desired pyrrole lactam 42. Saponification at
tempts of 43 failed to give definite products, probably 
due to secondary transformations in the open-ring 
enamine structure.
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S c h e m e  IV

14, R = CH3 29,R = CH3
15, R = C2H5 30, R = C2H5

41, R = H

Y w Rh Nv̂ A n J — co2h heatr HN. J l  J KOHf

1
H

1
H

31, R = CH3 33, R = CH3
32, R = C2H5 34, R = C2H5
40,R = H

H02C ^ ] i ------f

1
H

35, R = CH3
36, R = C2H5
37, R = H

CH2C0C0,C,H,

NO,

AnO N H
38, R = C2H5
39, R = CH2C6H5

An = anisyl

S c h e m e  V

usefulness of 6-azaindoles as starting materials for 2- 
aminomethylpyrrole synthesis seems thus limited to 
the preparation of pyrroles with d-alkyl residues.

Experimental Section6
2-Anisyloxy-4-methyl-5-nitropyridine (4).— 2-Chloro-4-methyl-

5-mtropyridme4 (25 g, 0.14 mol) was added to a solution of 3.5 
g (0.15 g-atom) of sodium in 925 ml of anisyl alcohol. The mix
ture was kept at 37° for 18 hr, and the reaction was completed 
by heating at 100° for 2 hr. The excess of anisyl alcohol was 
distilled off in vacuo [130° (0.25 m m )], and the crystalline residue 
washed with water (2 X 200 ml) and recrystallized from ethanol: 
62 g (80%); mp 110-111°; u v„K 282 nm (e 9800).

Anal. Calcd for C „H 1404N 2: C, 61.3; H, 5.1; N, 10.2.
Found; C, 61.1; H, 5.2; N, 10.1.

Ethyl 2-Anisyloxy-5-nitro-4-pyridmepyruvate (5).—To a solu
tion of 300 ml of ether and 25 ml of absolute ethanol was added
4.3 g (0.11 g-atom) of potassium, and the mixture was stirred 
under anhydrous conditions until all the potassium dissolved. 
Diethyl oxalate (16 ml, 0.12 mol) was then added, followed after 
5 min by 30.2 g (0.11 mol) of 2-anisyloxy-5-nitro-4-methyl- 
pyridine 4, and the red mixture was stirred for 36 hr. The pre
cipitated potassium enolate was removed by filtration, washed 
with ether, dried, suspended in 500 ml of water, and decomposed 
by adjusting the solution to pH 5 with acetic acid. After cooling 
at 5° during 30 min, the formed precipitate was filtered, dried, 
and recrystallized from ethanol when 37.9 g (92%) of pyruvate 
were obtained: mp 115-116°; uvmaJE 224 nm (e 24,300), 282 
(9700); nmr (CDC13) 5 1.5 (t, CH3), 3.8 (s, OCHs), 4.4 (q, CH2),
4.5 (s, CH2CO), 5.4 (s, 2, C6H5CH20 ) , 6.9 (d, 2, H2. and H60,
7.4 (d, 2, H3. and Hs.), 7.2 [s, 1, C H =C (O H )], 7.6 (s, 1, H3),
9.1 (s, 1, H6).

Anal. Calcd for Ci8H180 7N 2: C, 57.7; H, 4.8; N, 7.5.
Found: C, 57.8; H, 4.8; N, 7.4.

Ethyl 2-Oxo-3-(2'-methoxy-5'-nitro-4'-pyridyl)butyrate (6).—  
The potassium enolate of ethyl 2-methoxy-5-nitro-4-pyridine- 
pyruvate 2 (15.3 g, 0.05 mol) was dissolved in 1000 ml of N,N '- 
dimethylformamide, 7 ml of methyl iodide was added, and the 
mixture was heated at 100° for 90 min with occasional stirring. 
Two additional portions (7 ml each) of methyl iodide were added 
every 30 min during the heating period. The solvent was then 
evaporated to dryness in vacuo, the residue dissolved in water 
(250 ml), and the aqueous layer extracted with chloroform (3 X 
150 ml). The pooled extracts were washed with a small volume 
of water, dried (Na2S04), and evaporated to dryness. The oily 
residue was dissolved in a small volume of a chloroform-benzene 
mixture (1 :1), adsorbed on a silica gel column (5 cm X 30 cm), 
and the product was eluted by using the same solvent. The ob
tained ester was distilled at 129° (0.002 mm): 5.7 g, (40% ); mp
83-84°; uvmM 282 nm (e 12,500); nmr (CDC13) 8 1.35 (t, CH3),
1.6 (d, 3, J =  7 Hz, CHCHj), 4.05 (s, OCH3), 4.37 (q, CH2),
5.2 (q, 1, J  =  7 Hz, CHCH3), 6.73 (s, 1, H3), 9.00 (s, 1, H6); 
Rf 0.35 (tic, chloroform-benzene, 1:1).

Anal. Calcd for Ci2H140 6N2: C, 51.5; H, 4.9; N, 9.9.
Found: C, 51.2; H, 5.0; N, 9.8.

Diethyl 3-(2'-Methoxy-5'-nitro-4'-pyridyl)oxalactate (10).—  
The potassium salt of ethyl 2-methoxy-5-nitro-4-pyridinepyru- 
vate 2 (15 g) was suspended 2000 ml of dry tetrahydrofuran, 20 
ml of ethyl chloroformate was added, and the mixture was heated 
under reflux for 30 min. The heating was then discontinued, 
a second portion of 30 ml of ethyl chloroformate was added, and 
the heating was resumed for an additional hour. The solvent 
was evaporated to dryness in vacuo, the residue dissolved in 250 
ml of chloroform, the chloroform washed with water (2 X 50 ml), 
dried (Na2S04), and evaporated to dryness. The residue was 
dissolved in 10 ml of a mixture of benzene and chloroform (1:1 
v /v ) , adsorbed on a silica gel column (30 X 5 cm) prewashed 
with the same solvent, and the desired product eluted with 2000

The synthesis of pyrrole lactam 42 was thus frus
trated. The existence of the 4,5-dihydro structure in 
28, instead of the 5,6-dihydro structure present in 29, 
30, and 41 must be due to the presence of an electro
negative substituent at C-3. It lead to the formation 
of the pyrrole lactam 43, which could not be trans
formed any more in a 2-aminomethylpyrrole. The

(6) A ll m elting points w ere taken  on  th e  K ofler b lo ck ; u v  absorption s 
w ere m easured in  ethanol; ir spectra  w ere obta in ed  on  potassium  b rom id e  
wafers, and nm r spectra  w ere taken as noted . M icroana lyses w ere per
form ed  b y  the A lfred  B ernh ardt M ik roanalytisches L a boratoriu m  (M u l-  
heim ). M ass spectra were perform ed b y  the M organ  and Schaffer C orp . 
(M on trea l). W hen tic  on cellulose was run, the upper layer o f a b u ta n o l-  
acetic a c id -w a ter  m ixture (4 :1 :5 )  was used as solvent. T h e  a -k e to  esters 
were spotted  b y  spraying the tic plates w ith piperid ine, w hich  gave  red  to  
orange spots w ith the form er. T h e silica gel used for co lu m n  ch rom atogra 
p h y  was K ieselgel G  (F luka A G ).
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ml of the same solvent. Evaporation to dryness of the eluate, 
followed by crystallization of the residue from benzene-petroleum 
ether, afforded the diethyl oxalacetate 10: 11 g (65% ); mp 64- 
64°; Rt 0.35 (tic, benzene-chloroform, 1:1 v /v ) ;  uvmax 245 nm 
(« 33,600), 304 (sh); nmr (CDC13) 8 1.34. 1.36 (t, 6, CH3),
4.1 (s, 3, OCH3), 4.35 (m, 4, CH2), 6.92 (s, 1, H3), 7.25 (s, 1, 
CO C=CO H ), 9.0 (s, 1, H6).

Anal. Calcd for CI4H16OsN2: C, 49.4; H, 4.7; N , 8.2.
Found: C, 49.3; H, 4.8; N, 8.4.

Ethyl 3-Methyl-5-methoxy-6-azaindole-2-carboxylate (14).—  
The ethyl 2-oxobutyrate 6 (7.2 g of chromatographically pure but 
nondistilled product were used) was dissolved in 100 ml of 
ethanol and reduced at 25 psi with hydrogen over 2 g of 10% 
palladium on charcoal during 45 min. The catalyst was removed 
and washed with ethanol, the combined filtrates and washings 
were concentrated in vacuo to 5 ml, and the product was pre
cipitated by addition of water. The product was filtered and re
crystallized from ethanol-water: 3.5 g (59% ); mp 135-136° 
[sublimed at 130° (0.010)]; m w  285 nm (e 10,000), 293 (11,600), 
346 (6100); nmr (TFA) 8 1.6 (t, 3, CH3), 2.78 (s, 3, CH3), 4.3 
(s, 3, OCH3), 4.78 (q, 2, CH2), 7.6 (s, 1, H4), 8.6 (b, 1, H,).

Anal. Calcd for C i2Hi40 3N 2: C, 61.5; H, 6.0; N, 11.9. 
Found: C, 61.3; H, 6.0; N, 11.9.

Ethyl 3-Ethyl-5-methoxy-6-azaindole-2-carboxylate (15) and
1,2,3,4-T etrahydro-3-oxy-4-ethyl-6-methoxy-l ,7 -naphthyridin - 2- 
one (16).— Ethyl 2-oxo-3-(2'-methoxy-5'-nitro-4'-pyridyl)valer- 
ate 7 (7.4 g) was reduced with hydrogen with the same procedure 
used for the ethyl 2-oxobutyrate 16. The crude product ob
tained on evaporation of the solvent (4.4 g) was dissolved in 150 
ml of water; the solution was adjusted to pH 2 with concentrated 
hydrochloric acid and kept at 5° for 15 hr. The precipitate was 
filtered, dried, and crystallized from ethanol-water affording 1.4 
g (23%) of 6-azaindole 15: mp 110-112° [sublimed at 100° 
(0.1 mm)]; uvmax 285 nm (11,300), 294 (13,000), 358 (3500); 
nmr (CDC13) 8 1.3 (t, 3, C 02CH2CH3), 1.4 (t, J =  7 Hz, 3, 
CH2CH3), 3.1 (q, /  =  7 Hz, 2, CH2CH3), 4.0 (s, 3, OCH3),
4.5 (q, 2, C 0 2CH2CH3), 6.97 (s, 1, H4), 8.5 (s, 1, H,).

Anal. Calcd for Ci3H i60 3N 2: C, 62.9; H, 6.4; N, 11.3. 
Found: C, 62.9; H, 6.4; N , 11.2.

The acidic mother liquors were adjusted to pH 10 with solid 
sodium carbonate and extracted with chloroform (4 X 30 ml). 
The chloroform extracts were dried (Na2S04) and evaporated to 
dryness in vacuo, the residue was crystallized from ethanol, and
2.6 g (47%) of the naphthyridone was obtained: mp 173°
(sublimed); uvmax 246 nm (17,800), 298 (6200); nmr (CDC13) 8
1.25 (t, J  =  7 Hz, 3, CH3), 3.05 (s, 1, OH), 3.17 (b, 1, C-4 H),
3.65-4.15 (m, 3, CH2CH3 and CHOH), 3.9 (s, 3, OCH3), 6.6 
(s, 1, H5), 7.7 (b, 1, H8).

Anal. Calcd for CnHi40 3N 2: C, 59.4; H, 6.3; N, 12.6. 
Found: C, 59.3; H, 6.5; N, 12.7.

l,2,3,4-Tetrahydro-3-oxy-4-?i-propyl-6-methoxy-l,7-naphthyri- 
din-2-one (19).— The ethyl 2-oxoeaproate 8 (1.5 g) was reduced 
with hydrogen over palladium as described above, and the ob
tained product was crystallized from ethanol affording 400 mg 
(34%) of the naphthyridinone 19: mp 136°; nmr (TFA) 8 1.0 
(t, 3, CH3), 1.8 (q, J  = 8 Hz, 2, CH2CH2CH3), 3.62 (s, 1, COH),
3.7 (b, 1, C-4 H ), 3.8 (m, 2, RCH2CH2CH3), 4.15 (s, 3, OCH3),
4.27 (m, 1, C-3 H).

Anal. Calcd for C i2H i60 3N 2: C, 61.0; H, 6.8; N, 11.9. 
Found: C, 61.1; H, 6.7; N , 11.8.

Ethyl 5-Methoxy-3-ethoxycarbonylmethyl-6-azaindole-2-car- 
boxylate (17) and l,2,3,4-Tetrahydro-3-oxy-4-ethoxycarbonyl- 
methyl-6-methoxy-l,7-naphthyridin-2-one (18).— The diethyl 2- 
oxoglutarate 9 (7 g of ester purified by chromatography) was 
reduced with hydrogen over palladium following the usual pro
cedure. The product was dissolved at 50° in 100 ml of water 
adjusted to pH 3.5 with hydrochloric acid, the solution was kept 
for 12 hr at 5° and filtered, and the filtrates were kept for further 
work-up. The obtained product was recrystallized from ethanol- 
water affording 2.2 g (73% ) of the 6-azaindole 17: mp 125-126°; 
uvmax 283 nm (e 13,000), 292 (16,000), 348 (4100); nmr (TFA) 8
1.4 (t, 3, CH2C 0 2CH3), 1.6 (t, 3, C 0 2CH2CH3), 4.3 (s, 3, OCH3),
4.4 (s, 2, CH2), 4.5 (q, 2, CH2C 02CH2CH3), 4.8 (q, 2, C 02CH2- 
CH3), 7.7 (s, 1, H4), 8.95 (s, 1, Ha).

Anal. Calcd for C 5H180 5N2: C, 58.8; H, 5.9; N, 9.1.
Found: C, 58.7; H, 6.0; N, 9.0.

The substance was identical (mp, ir, tic) with a sample pre
pared by the action of diazoethane on the 2-carboxy-5-methoxy-
6-azaindole-3-acetic acid.4

The aqueous acidic filtrates obtained after filtering the 6-

azaindole were adjusted to pH 10 with sodium carbonate and 
extracted with chloroform (4 X  25 ml). The chloroform ex
tracts were dried (Na2S04) and evaporated to dryness in vacuo. 
The residue was crystallized from ethanol affording 0.5 g (11%) 
of 1,7-naphthyridinone: mp 136-138°; uvmax 248 nm (e 15,000); 
nmr (TFA) 8 1.4 (t, 3, CH2CH3), 3.7 (s, 1, COH), 3.8 (b, 1, 
C-4 H ), 4.35 (s, 3, OCH3), 4.27 (b, 1, C-3 H ), 4.6 (b, 2, CH2C 02),
7.6 (s, 1, H6), 8.2 (s, 1, H8).

Anal. Calcd for Ci3H160 5N2: C, 55.7; H, 5.7; N , 10.0. 
Found: C, 55.6; H, 5.8; N , 10.1.

Diethyl 3-(2'-Methoxy-5'-amino-4'-pyridyl)oxalacetate (21) and 
Diethyl3-(2'-Methoxy-5'-amino-4'-pyridyl)malate (22).— Diethyl 
oxalacetate 10 (2 g) dissolved in 100 ml of ethanol was reduced 
with hydrogen over 0.5 g of 10% palladium on charcoal at 25 psi 
during 45 min. The catalyst was removed and the solvent was 
evaporated to dryness; the residue was dissolved in a small 
volume of a benzene-methanol (9:1 v /v )  solution and adsorbed 
on a silica gel column (30 cm X 3 cm) prewashed with the same 
solvent. Elution was carried out with the same solvent. The 
first 100 ml of eluate were collected and discarded. Fifty fractions 
of 2 ml each were then collected. Fractions 15-30 were pooled 
and evaporated to dryness in vacuo affording 820 mg (45%) of the 
diethyl oxalacetate 21: mp 93-95° (from benzene-cyclohexane); 
R i  0.60 (tic, benzene-methanol, 9:1 v /v ) ;  uvmax 236 nm (e
17,000), 299 (4300); ir 3500 cm "1 (OH); nmr (CDC13) 8 1.25,
1.35 (t, 6, CH3); 3.35 (b, 2, N E 2), 3.9 (s, 3, OCH3), 4.3 (9, 4, 
CH2CH3), 4.8 (b, 1, C = C O H ), 6.6 (s, 1, H3), 8.3 (b, 1, H6); 
mass spectrum m/e (rel intensity) 310 (M +, 35) 237 (M  — C 02- 
C2H5, 90), 209 (M  -  C 0 C 0 2H5, 30), 191 (237 -  C2H5OH, 80), 
163 (209 -  HOC2H5, base peak), 135 (163 -  CO, 22).

Anal. Calcd for C i4H i8N 20 6: C, 54.2; H, 5.8; N, 9.0.
Found: C, 54.4; H, 5.8; N, 9.2.

Fractions 41-47 were pooled and evaporated to dryness in vacuo 
affording 51 mg (6% ) of the diethyl malate 22: mp 79-81°
(benzene-petroleum ether); Rt 0.48 (tic, benzene-methanol, 
9:1 v /v ) ;  uvmax 232 nm (e 27,600), 285 (4000); ir 3350 cm -1 
(OH); nmr (CDC13) 8 1.25, 1.28 (t, 6, CH3), 3.0 (m, NH2), 3.9 
(s, 3, OCH3); 4.0-4.5 (m, 6, CH2CH3, CHOH), 6.5 (s, 1, H3),
7.5 (b, 1, PyCH C02), 8.3 (s, 1, H6); mass spectrum m/e (rel 
intensity) 312 (M+, 12), 266 (M  -  HOC2H6, base peak), 193 
(266 -  C 02C2H5, 50), 165 (266 -  C 0 2C2H5C 0, 90).

Anal. Calcd for Ci4H2oN20 6: C, 53.8; H, 6.4; N, 8.9.
Found: C, 53.7; H, 6.4; N, 9.1.

When the benzyl ethyl oxalacetate 11 was reduced using the 
same procedure it afforded ethyl 5-methoxy-6-azaindole-2- 
carboxylate 20: 440 mg (80% ); mp 103-106°; identical with a 
sample prepared as described4 (by tic, ir, and mmp).

Diethyl 5-Methoxy-6-azaindole-2,3-dicarboxylate (23).— The 
diethyl oxalacetate 21 (300 mg) was dissolved in 200 ml of dry 
xylene, 400 mg of phosphorus pentoxide were added, and the 
mixture was heated with continuous stirring at 130° for 3 hr. 
The solvent was then evaporated to dryness at reduced pressure, 
the residue was dissolved in 30 ml of water adjusted to pH 10 
with sodium carbonate, and the solution was extracted with 
chloroform (3 X  10 ml). The chloroform extracts were pooled, 
dried (Na2S04), and evaporated to dryness. The residue was 
filtered through a silica gel column (20 cm X 2 cm) using a 3%  
methanol in benzene solution as eluent. The eluates were evapo
rated to dryness affording 122 mg (42% ): mp 55-57° (ethanol- 
water); R i  0.80 (tic, benzene-3% methanol); uvmax 242 nm 
(e 12,800), 263 (11,100), 316 (5600); nmr (CDC13) 8 1.3 (m, 6, 
CH3); 3.9 (s, 3, OCH3), 4.3 (m, 4, CH2), 6.8 (b, 1, H4), 8.9 (b, 
1, H 7 ); mass spectrum m/e (rel intensity) 292 (M +, 95), 247 
(M  -  OC2H5, 30), 219 (M  -  C 02C2H5, 90), 174 (219 -  OC2H5, 
base peak), 146 (174 — CO, 90).

Anal. Calcd for C i4H i605N 2: C, 57.5; H, 5.4; N, 9.6.
Found: C, 57.3; H, 5.5; N, 9.7.

Diethyl 3-(2'-Benzyloxy-5'-amino-4'-pyridyl)oxalacetate (24).— 
Diethyl oxalacetate 12 (700 mg) was dissolved in 100 ml of 
ethanol and reduced with hydrogen over 70 mg of platinum oxide 
at 15 psi during 45 min. The catalyst was filtered and the sol
vent was evaporated to dryness; the residue was dissolved in a 
small volume of benzene containing 7%  methanol and adsorbed 
on a silica gel column (30 cm X 3 cm) prewashed with the same 
solvent. The substance was eluted with the same solvent af
fording after evaporation 344 mg (53% ): mp 82-84° (benzene- 
cyclohexane); uvmax 240 nm (e 21,600), 296 (5100); nmr (CDC13) 
8 1.3 (m, 6, CH3), 3.3 (m, 2, NH2), 4.3 (m, 4, CH2CH3), 4.8 
(b, 1, OH), 5.3 (s, 2, CH2C6H5), 5.65 (s, 1, H3), 7.4 (b, 5, C6H5),
8.4 (b, 1, H6).
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Anal. Calcd for C20H22N 2O6: C, 62.2; H, 5.7; N, 7.2.
Found: C, 62.3; H, 5.9; N, 7.4.

Diethyl 5-Benzyloxy-6-azaindole-2,3-dicarboxylate (25).— The 
diethyl oxalacetate 24 (300 mg) was dissolved in 50 ml of dry 
chloroform, and 300 mg of finely powdered phosphorus chloride 
was added in small portions with continuous stirring a* 5°. The 
solution was kept at room temperature for 24 hr and then washed 
with a 1 N  sodium hydroxide solution. The excess of alkali was 
washed out with water and the chloroform layer dried (Na2S04) 
and evaporated to dryness. The residue was crystallized from 
ethanol-water: 200 mg (70% ); mp 54-55°; 235 nm (e
14,700), 263 (10,800), 318 (5500).

Anal. Calcd for CaHwN^Os: C, 65.2; H, 5.4; N, 7.6.
Found: C, 65.0; H, 5.6; N, 7.4.

Diethyl 3-(2'-Hydroxy-5'-nitro-4'-pyridyl)oxalacetate (26).—  
The anisyl derivative 13 (1 g) was dissolved in 10 ml of trifluoro- 
acetic acid, and the mixture was kept for 24 hr at room tempera
ture. The solution was then poured in a large excess of ice-water 
and the formed precipitate filtered and crystallized from ethanol: 
584 mg (80% ); Rs 0.70 (tic, benzene-10% methanol); uvmax 237 
nm (e 16,300); ir 1780, 1750 (CO esters), 1675, 1640 cm -1 
(bands I and II, CO amide); nmr (TFA) 5 1.4, 1.5 (t, 6, CH3),
4.5 (m, 4, CH2), 7.1 (s, 1, H3), 7.8 (s, 1, CO C=C O H ), 8.9 
(s, 1, H,).

Anal. Calcd for Cl3Hi40 3N 2: C, 47.8; H, 4.3; N, 8.6.
Found: C, 47.8; H, 4.3; N, 8.7.

Diethyl 3-(2'-Hydroxy-5'-amino-4'-pyridyl)oxalacetate (27).—  
Diethyl oxalacetate 26 (1 g) was dissolved in 100 ml of ethanol 
and reduced with hydrogen over 500 mg of 10% palladium on 
charcoal at 15 psi during 45 min. The catalyst was filtered, the 
solvent evaporated to dryness in vacuo, and the residue filtered 
through a column of silica gel (20 cm X 2 cm) using a 10% metha
nol in benzene solution as eluent: 568 mg (58% ); mp 217-218° 
(methanol-ether); R{ 0.43 (tic, benzene-10% methanol); 
uVmax 245 nm (e 14,800), 330 (4200); ir 3200 (broad, OH), 
1630, 1600 cm-1 (CO amide, bands I and II); nmr (TFA) 1.2 
(m, 6, CH3), 3.8 (m, 2, NH 2), 4.6 (m, 4, CH2), 7.4 (s, 1, H3),
8.3 (b, 1, H6); mass spectrum m/e (rel intensity) 296 (M +, 66), 
223 (M  -  C 0 2C2H5, 90), 195 (223 -  CO, 80), 177 (M -  C 0 2- 
C2H5HOC2H6, 95), 150 (M  -  2C 02C2H5, base peak).

Anal. Calcd for Ci3H160 6N 2: C, 52.7; H, 5.4; N , 9.5.
Found: C, 52.6; H, 5.4; N, 10.0.

The amino derivative 27 was also obtained by direct hydrogena
tion at 45 psi (2 hr) of the anisyl derivative 13 in 21%, yield.

Diethyl 5-Oxo-4,5-dihydro-li7-pyrrolo[2,3-e]pyridine-2,3-dicar- 
boxylate (28).— Diethyl oxalacetate 27 (500 mg) was suspended 
in 50 ml of dry xylene, 500 mg of finely divided phosphorus 
pentoxide were added, and the mixture was heated under reflux 
with continuous stirring during 2.5 hr. The mixture was cooled, 
the solvent decanted, and the residue dissolved in water adjusted 
to pH 7 with sodium hydroxide. The aqueous solution was 
evaporated to dryness, and the residue was extracted with boiling 
absolute ethanol (3 X 100 ml). The ethanolic solution was 
evaporated to dryness in vacuo, and the residue was dissolved in 
10 ml of chloroform containing 10% methanol and adsorbed on a 
silica gel column (20 cm X 2 cm) previously washed with the 
same solvent. The 6-azaindanone 28 developed on the column 
as a fluorescent yellow band and was eluted using the same solvent 
affording 282 mg (60% ); mp 144-146° (benzene-cyclohexane); 
Rt 0.54 (tic, chloroform-10% methanol); uvma* 227 nm (e 
25,300), 257 (15,300), 366 (6900); ir, 1780, 1740 (CO ester), 
1675, 1640 cm “ 1 (CO lactam, bands I and II); nmr (C13CD) 8 
1.35, 1.39 (t, 6 CH3), 4.35, 4.40 (q, 4, CH2), 6.7 (s, 2, CH2CO),
8.3 (s, 1, H7); mass spectrum m/e (rel intensity) 278 (M +, 25), 
233 (M  -  OC2H5, 15), 206 (M  -  C 02C2H4, 80), 160 (206 -  
HOC2H5, base peak), 132 (160 -  CO, 85), 104 (132 -  CO, 26).

Anal. Calcd for C i3H i4N205: C, 56.1; H, 5.0; N, 10.1.
Found: C, 56.2; H, 5.0; N, 10.1.

5-Oxo-3-methyl-5,6-dihydro-17/-pyrrolo [2,3-e] pyridine-2-car- 
boxylic Acid (29).— 6-Azaindole 14 (3 g) was dissolved in 90 ml 
of 48% hydrobromic acid, and the mixture was heated under 
reflux for 4 hr. The dark solution was evaporated to dryness; 
the residue was dissolved in a small volume of a concentrated 
ammonium hydroxide solution, adsorbed on a neutral alumina 
column (25 X 2 cm) prewashed with a normal ammonium hy
droxide solution, and eluted with the same solvent collecting 
fractions of 10 ml. The eluates were acidified to pH 4; the 
precipitated acid of the pure fractions was collected by filtration, 
dried, and washed with boiling methanol (5 X  10 ml): 1.2 g
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(50% ); mp dec above 300°; uvmax 242 nm (c 22,000), 298 
(8600), 302 (7500).

Anal. Calcd for C9H8N 20 3: C, 56.2; H, 4.2; N, 14.6.
Found: C, 56.1; H, 4.3; N, 14.7.

5-Oxo-3-ethyl-5,6-dihydro-177-pyrrolo [2,3-c] pyridine-2-carbox- 
ylic acid (30) was obtained following the same procedure used for 
the 3-methyl derivative 29. From 2.2 g of the 6-azaindole 15, 
990 mg (55%) of 30 were obtained: mp dec above 300°; uvmal 
235 nm (e 22,000), 298 (9500), 302 (8700).

Anal. Calcd for Ck,H10N 2O3: C, 58.2; H, 4.8; N, 13.6. 
Found: C, 58.3; H, 4.5; N, 13.5.

5-Oxo-3-methyl-4,5,6,7-tetrahydro-177-pyrrolo[2,3-c] pyridine- 
2-carboxylic Acid (31).— 6-Azaindanone 29 (1 g) was dissolved in 
30 ml of a sodium carbonate solution at pH 8-9 and reduced with 
hydrogen at 50 psi over 0.5 g of 10% palladium on charcoal for 
2 hr. The catalyst was removed and the solution was adjusted 
to pH 4 with acetic acid, cooled at 5°, and filtered: 720 mg 
(72% ); mp dec above 315°; uvmal 272 nm (e 11,700).

Anal. Calcd for C9HioN20 3: C, 55.7; H, 5.1; N , 14.4. 
Found: C, 55.6; H, 5.2; N, 14.5.

5-Oxo-3-ethyl-4,5,6,7-tetrahydro-177-pyrrolo [2,3-c] pyridine-2- 
carboxylic acid (32) was prepared following the procedure de
scribed for the 3-methyl analog 31. From 1 g of the 6-azainda- 
none 30 was obtained 520 mg (52%) of 32: mp 270° dec; uvmal 
274 nm (e 16,000).

Anal. Calcd for C i„Hi2N20 3: C, 57.7; H, 5.8; N, 13.5. 
Found: C, 57.6; H, 5.7; N, 13.4.

5-Oxo-3-methyl-4,5,6,7-tetrahydro-177-pyrrolo [2,3-c] pyridine
(33).— The acid 31 (1.8 g) was suspended in 250 ml of water and 
heated under reflux for 1 hr. The solution was evaporated to 
dryness and the residue sublimed at 200° (0.010 mm) to afford 
700 mg (50%) of lactam 33: mp dec above 260°; Rt 0.65 
(tic, ethyl acetate-methanol, 2:1 v /v ) ;  ir 1655, 1625 cm -1 (CO 
lactam); nmr (TFA) 8 2.5 (s, 3, CH3), 3.9 (b, 2, CH2CO), 5.1 
(b, 4, CH2NH, = N +HCH2); Ehrlich’s reaction was positive in 
the cold.

Anal. Calcd for C8H icN20 :  C, 64.0; H, 6.7; N, 18.7. Found: 
C, 64.1; H, 6.7; N, 18.6.

5-Oxo-3-ethyl-4,5,6,7-tetrahydro-177-pyrrolo [2,3-c] pyridine (34) 
was prepared following the same procedure used for the synthesis 
of the 3-methyl homolog 33, except for the heating period which 
was extended to 90 min. The lactam 34 was obtained in 70% 
yield: mp dec above 250° [sublimed at 180° (0.010 mm)];
nmr (TFA) 8 0.8 (t, J  =  7 Hz, 3, CH3), 2.3 (q, J  = 7  Hz, 2, 
CH2CH3), 3.7 (b, 2, CH2CO), 4.6 (b, 4, CH2NH, = N H +C H 2); 
Ehrlich’s reaction positive in the cold.

Anal. Calcd for C9Hi2N 20 : C, 65.9; H, 7.3; N , 17.1.
Found: C, 65.9; H, 7.3; N, 17.0.

2-Aminomethyl-4-methyl-3-pyrroleacetic Acid (35).— The sub
limed lactam 33 (600 mg) was suspended in 8 ml of 4 A1 sodium 
hydroxide, 8 ml of ethanol was added, and the mixture was 
heated under reflux for 1 hr. The solution was adjusted to pH 5 
with acetic acid, and a 15% aqueous mercuric acetate solution 
was added until no more precipitate formed. The solid was 
centrifuged, the precipitate suspended in water, and hydrogen 
sulfide passed through the suspension until all the mercuric salt 
was decomposed. The mercuric sulfide was centrifuged and 
washed with water, and the pooled supernatant and wash were 
evaporated to dryness at 30° in vacuo. The crystalline residue 
was recrystallized by dissolving it in water and adding methanol: 
230 mg (30% ); mp 150° dec; Rt 0.82 (tic, on cellulose); nmr 
(D20 )  5 2.0 (s, 3, CH3), 3.25 (b, 2, CH2C 02); 3.6 (b, 2, CH2NH 2),
6.3 (s, 1, H5).

Anal. Calcd for C8H120 2N 2.H 20 : C, 51.6; H, 7.5; N , 15.0. 
Found: C, 51.6; H, 7.4; N , 15.1.

2-Aminomethyl-4-ethyl-3-pyrroleacetic acid (36) was obtained 
in 52% yield following the same procedure described for the 4- 
methyl homolog 35. The pyrrole was recrystallized by dissolving 
it in water and adding acetone: mp 142-144° dec; Rt 0.78
(tic, on cellulose); nmr (D20 )  1.1 (t, /  =  7 Hz, 3, CH3), 2.4 
(q, J  = 7 Hz, 2, CH2CH3), 3.3 (b, 2, CH2CO), 3.6 (b, 2, CH2- 
NH2), 6.5 (s, 1, H5).

Anal. Calcd for C9Hi40 2N 2-H 20 :  C, 54.0; H, 8.0; N, 14.0. 
Found: C, 54.3; H, 8.2; N, 14.0.

Ethyl 5-Oxo-4,5,6,7-tetrahydro-lH-pyrrolo [2,3-c] pyridine-2- 
carboxylate (38).— Ethyl pyridinepyruvate 5 (2 g) was dissolved 
in 100 ml of ethanol, and the solution was shaken with hydrogen 
at 50 psi for 90 min over 600 mg of 10% palladium on charcoal. 
The catalyst was filtered, the solution evaporated to dryness, and 
the residue crystallized from ethanol: 770 mg (70% ); mp 272-
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274° (lit.4 mp 272-274°;; identical by ir, nmr, and tic with a 
sample prepared by reduction of ethyl 5-benzyloxy-6-azaindole-
2-carboxylate.4

Benzyl S-Oxo-4,5,6,7-tetrahydro-lif-pyrrolo[2,3-c]pyridine-2- 
carboxylate (39).— The 5-carbethoxylactam 38 (2 g) was dis
solved in 20 ml of benzyl alcohol and 50 mg of sodium was added. 
The mixture was heated at 100° for 2 hr; 5 ml of the solvent was 
then distilled in vacuo at the same temperature. An equal 
volume of benzyl alcohol was added to the mixture and the heat
ing was continued for an additional 4 hr. The benzyl alcohol was 
then evaporated to dryness in vacuo and the residue crystallized 
from a large volume of ethanol: 2.2 g (80% ); mp 286-287°; 
ir 1690 (CO ester), 1667 (CO lactam), 695 cm -1 (C6H5).

A m i. Calcd for Ci5H „0 3N 2: C, 66.7; H, 5.2; N, 10.4. 
Found: C, 66.6; H, 5.2; N , 10.3.

5-Oxo-4,5,6,7-tetrahydro-lif-pyrrolo [2,3-c] pyridine-2-carbox- 
ylic Acid (40).— The benzyl ester lactam 39 (1 g) was dissolved 
in 50 ml of glacial acetic acid and hydrogenated at 50 psi for 2 
hr over 300 mg of 10% palladium on charcoal. The catalyst was 
filtered, the solution evaporated to dryness in vacuo at 50°, and 
the residue crystallized by dissolving in a 1 A  sodium hydroxide 
solution and precipitating with concentrated acetic acid: 530 
mg (80%); mp dec above 300°; iff 0.58 (tic, on cellulose); 
uVmax 270 nm (e 15,000).

Anal. Calcd for C8Hs0 3N2: C, 58.88; H, 4.44; N, 15.55.
The product was identical by tic, ir, and uv with a sample 

prepared by reduction of 5-oxo-5,6-dihydro-lif-pyrrolo[2,3-c]- 
pyridine-2-carboxylic acid.4

Diethyl 5-Oxo-3a,4,5,6-tetrahydro-lii-pyrrolo[2,3-c]pyridine-
2,3-dicarboxylate (43).— The 6-azaindanone 28 (300 mg) was 
dissolved in 20 ml of ethanol and was reduced with hydrogen over 
100 mg of 10% palladium on charcoal at 10 psi for 90 min. The 
catalyst was filtered, the solvent was evaporated to dryness 
in vacuo, and the residue was crystallized from ethanol: 130 mg 
(43% ); mp 216-218°; ir 1635, 1610 cm -1 (CO lactam); nmr

(TFA) 8 1.35 (t, 6, C H „ ) ,  3.6 (m, 2, C H 2C O ) , 6.4 (q, 4, 
C H 2 C H 3 ), 5.25 (m, 1, C H C H 2 C O ), 7.1 (s, 1, H 7 ); mass spectrum 
m/e rel intensity) 280 (M +, 90), 235 (M  — O C 2H 5, 20), 207 
(M  -  COOC2Hs, base peak), 163 (207 -  O C 2H 4, 30), 135 
(163 -  C O , 90), 107 (135 -  C O , 80).

A m i. Calcd for Ci3H16N 20 5: C, 55.7; H, 5.7; N, 10.0. 
Found: C, 55.6; H, 5.7; N , 10.2.

The same product was obtained by reducing diethyl 5-benzyl- 
oxy-6-azaindole-2,3-dicarboxylate 25 at 50 psi for 2 hr under the 
described conditions.

Registry No.—2 potassium salt, 38312-68-4; 4,
38312-69-5; 5, 38312-70-8; 6, 38312-71-9; 7, 38312-
72-0; 8, 38312-73-1; 9, 38312-74-2; 10, 38312-75-3;
11, 38312-76-4; 12, 38312-77-5 ; 13, 38312-78-6; 14,
38312-79-7; 15, 38312-80-0; 16, 38312-81-1; 17,
38312-82-2; 18, 38309-19-2; 19, 38309-20-5; 21,
38309-21-6; 22, 38309-22-7; 23, 38309-23-8; 24,
38309-24-9; 25, 38309-25-0; 26, 38309-26-1; 27,
38309-27-2; 28, 38309-28-3; 29, 38309-29-4; 30,
38309-30-7; 31, 33034-45-6; 32, 38309-32-9; 33,
32794-21-1; 34, 38309-34-1; 35, 32794-17-5; 36,
38309-36-3; 38, 22772-51-6; 39, 38309-38-5; 40,
32794-19-7; 43,38309-40-9 ; 2-chloro-4-methyl-5-nitro- 
pyridine, 23056-33-9.
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Synthesis of Oligosaccharides Containing 2-Acetamido-2-deoxyxylose 
by Chemical and Enzymic Methods1“
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0-2-Acetamido-2-deoxy-/3-D-glucopyranosyl-(l—>-4)-5-377-2-acetamido-2-deoxy-D-xylopyranose (1) was pre
pared from the /3(l->-4 blinked A-acetylglucosamine dimer (2) by formation of the diethyl dithioacetal (3), 
glycol cleavage with periodate, reduction with 3#-N aB H 4, and dithioacetal hydrolysis. 1 was isolated by 
charcoal-Celite column chromatography. A by-product, 0-2-acetamido-2-deoxy-/3-D-glucopyranosyl-(l—>~4)-
5-W-2-acetamido-2-deoxy-n-arabinopyranose, was isolated as well. 1 was also isolated from the lysozyme- 
catalyzed reaction of the A-acetylglucosamine tetramer with 5-3if-2-acetamido-2-deoxy-a-D-xylopyranose (10), 
demonstrating the structure of 1 and supporting a /3(l-*-4) linkage for the higher oligomers containing A-acetyl- 
xylosamine and two or three A-acetylglucosamine residues, which were also produced in the enzymic reaction.

In the past six years, more and more evidence has 
accumulated for the fascinating, but by no means new,2 
theory that the structure of an enzyme active site is 
“ designed”  to fit a conformation of the substrate close 
to the reaction transition state better than it fits the 
substrate’s ground-state conformation.3 The synthesis 
of organic molecules designed to test this theory is a 
challenging task for the chemist.

In the particular case of lysozyme, Phillips has 
proposed, on the basis of crystallographic studies of the 
hen egg white enzyme, that the catalytic region of the

(1) (a ) T aken  in  part from  the P h .D . Thesis o f  P . v . E . (M IT , 1971), w ho 
thanks the A . D . L ittle  C om p a n y  for a fellow sh ip; and the M .S . Thesis o f 
W . A. W . (M IT , 1970), w ho thanks the N S F  for  a traineeship. R esearch  
support from  the U . S. N ation a l Institu tes o f  H ealth  (G ran t A M -1359 0) 
and the M erck  C o . F ou n dation  are gratefu lly  acknow ledged , (b ) D ep art
m ent o f  B io logy , U n iversity  o f  th e  N egev, B eer Sheva, Israel.

(2) J. H. Q uastel, B i o c h e m .  J . ,  20, 166 (1926 ); L. Pauling, C k e m . E n g .  
N e w s ,  24, 1375 (1946).

(3) F or recent discussions, see D . M . B low  and T . A . Steitz, A n n .  R e v .  
B i o c h e m . ,  39, 63 (1970); R . W olfen d en , A c c o u n t s  C h e m . R e s . ,  5, 10 (1972).

active site (“ subsite d ” )  can bind an N-acetylglucosa- 
mine residue in the “ half chair”  conformation, but 
cannot bind such a hexopyranose unit in its ground- 
state “ chair”  conformation because of steric hindrance 
to the hydroxymethyl group at C-5 in the latter con
formation.4 The preparation of substrate analogs con
taining N-acetylxylosamine (2-acetamido-2-deoxy-D- 
xylose), i.e., in which a single C-5 hydroxymethyl 
group has been removed from an vV-acetylglucosamine 
oligomer, would obviously be valuable in the further 
testing of Phillips’ hypothesis. We have briefly 
reported elsewhere studies of such compounds which 
support this hypothesis.6 In this paper we report the

(4) C . C . F. B lake, L. N . Johnson , G . A . M air, A . C . T . N orth , D . C . 
Phillips, and V . R . Sarma, P r o c .  R o y .  S o c . ,  S e r .  B ,  167, 378 (1967 ); L . N . 
Johnson, D . C . Phillips, and J. A . R u p ley , B r o o k h a v e n  S y m p .  B i o l . ,  21, 120 
(1968).

(5) P . van  E ikeren and D . M . C hipm an, J .  A m e r .  C h e m . S o c . .  94. 4788 
(1972).
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Scheme I

HCI 
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CH2OH o CH2OH,o
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details of the synthesis of Ar-acctylglucosamine-/3- 
(l->4)-iV-acetylxylosamine (1, 0-2-acetamido-2-deoxy- 
/3-D-glucopyr anosyl- (l-*4) -2-acet amido - 2 - deoxy - d - xy- 
lopyranose), and some related compounds, by both 
chemical and enzymic techniques.

The standard technique for the synthesis of oligo
saccharides is, of course, to form new glycosidic bonds 
between the monosaccharide moieties in question, 
usually by the Koenigs-Knorr condensation.6 Since 
xylosamine itself apparently does not occur naturally, 
and is not readily available synthetically,7 and since a 
facile route to a xylosamine derivative protected 
everywhere but 0-4 is not obvious, such an approach 
appeared unattractive to us. We chose instead to 
attempt the synthesis of 1 from the readily available 
iV-acetylglucosamme dimer (2) by the route outlined in 
Scheme I. Although degradative routes to oligosac
charides have been fairly widely used in the past to 
produce oligosaccharides with glycosidic linkages of 
known configuration,8 to our knowledge this is the 
first example of such a degradation which does not 
involve loss of the reducing terminal carbon.

A third alternative for preparing the desired oligo
saccharides is to use an enzyme to form one or more new 
glycosidic linkages between saccharides. Lysozyme is 
known to catalyze transglycosylation reactions of 
chitin oligomers9 and bacterial cell wall oligosac
charides,10 and to demonstrate considerable specificity 
toward acceptors,11 but this specificity is not absolute. 
For instance, Sharon and Pollock showed that the 
products of the incubation of the bacterial cell wall 
tetrasaccharide and D-xylose with lysozyme included 
compounds with |3(l--*-2), /3(1—>-3), and j3(l-*-4) linkages 
to xylose.12 Use of the enzymic route with an acceptor 
other than A-acetylglucosamine or an oligomer thereof 
thus requires a proof of the structure of the new 
linkage. The synthesis of 1 by both the degradative

(6) W . K oen igs and E . K norr, B e r . ,  34, 957 (1901).
(7) M . L . W o lfrom  and M . W . W in k ley , J .  O r g . C h e m .,  31, 1169 (1966).
(8) J. Stanek, M . Cerny, and J. Pac&k, “ T h e  O ligosaccharides,”  A cad em ic 

Press, N ew  Y ork , N . Y .,  1965, p p  95-100 .
(9) N . A . K ra vch en k o  and Y . I . M ak sim ov , Izv. A k a d .  N a u k  S S R ,  S e r .  

K h i m . ,  584 (1964).
(10) N . Sharon and S. Seifter, J .  B i o l .  C h e m .,  239, 2398 (1964).
(11) J. J. P ollock , D . M . C h ipm an , and N . Sharon, B i o c h e m .  B i o p h y s .  

R e s .  C o m m u n . ,  28, 779 (1967); J. J. P o llo ck , P h .D . Thesis, W eizm an n  
In stitu te  o f  Science, R eh ov o t , Israel, 1969.

(12) J. J . P o llo ck  and N . Sharon, B i o c h e m .  B i o p h y s .  R e s .  C o m m u n . ,  34,
673 (1969).

chemical route and the enzymic route, and the demon
stration of the identity of the two products, provides a 
rigorous proof of the structure of 1, as well as informa
tion which is useful for the preparation of further com
pounds in the series.

All the compounds that we report were synthesized 
with radiochemical labels. While the original reason for 
introducing tritium into these compounds was to make 
possible certain biochemical experiments, the labels 
turned out to be extremely useful for following the re
actions and supporting the structures proposed for the 
products.

Results and Discussion

The diethyl dithioacetal 3 was produced from 213 
by the usual method with concentrated hydrochloric 
acid and ethanethiol.14 No evidence for deacetylation 
was observed, and cleavage of the glycosidic bond oc
curred to a very small extent.

The crucial and most difficult step in the synthesis is 
the specific glycol cleavage of 3 to 4, since 3 contains 
both acyclic and trans-diequatorial vicinal glycols, 
as well as the readily oxidizable sulfur atoms.16 Fol
lowing Wolfrom’s synthesis of 2-amino-2-deoxyxylose,7 
we examined the reaction of 3 with lead tetraacetate. 
Immediate reduction, hydrolysis, trimethylsilylation, 
and vpc analysis of the reaction mixture indicated that 
apparently exclusive cleavage of the trans-diequatorial 
glycol had occurred. Examination of the reaction with 
periodate by the same method indicated that the glycol 
cleavage was exclusively at the open chain, but other 
evidence suggested that extensive oxidation of sulfur 
was taking place as well. Since no direct method 
(tic, spectra) could be found for following the reaction, 
indirect methods were used to determine the optimum 
conditions for the oxidation. The disappearance of 
periodate was followed spectrophotometrically by the 
method of Dixon and Lipkin.16 With a 50% excess of 
periodate at 0°, 1 mol of periodate per mole of 3 was 
consumed in about 2 min, and consumption of the re
maining reagent occurred with a half-life of about 7

(13) J. A . R u p ley , B i o c h i m .  B i o p h y s .  A c t a ,  83, 245 (1964).
(14) J. Stanek, M . Cerny, J. K ocou rek , and J. P acdk, “ T h e  M o n o 

saccharides,”  A cad em ic Press, N ew  Y ork , N . Y .,  1963, p p  589—605.
(15) D . H orton  and D . M . H utson , A d v a n .  C a r b o h y d .  C h e m . ,  18, 123 

(1963), contains a discussion o f  th ioaceta l sulfur ox idation .
(16) J. S. D ixon  and D . L ipkin , A n a l .  C h e m .,  26, 1092 (1954).



Synthesis of Oligosaccharides J. Org. Chem., Vol. 38, No. 10, 1978 1833

Figure l.— First chromatography of crude 1 on charcoal- 
Celite column (1 X 43 cm, eluted with 0-20%  ethanol gradient 
over 21.): solid line, optical density; broken line, radioactivity. 
Fractions marked by bar pooled for further resolution.

min. The incorporation of tritium into the sugar upon 
reduction with Iff-borohydride was also examined. 
Comparison with a control reduction (A-acetyl-D- 
glucosamine) indicated that, under the final conditions 
chosen (30% mole excess of periodate, 5 min at 0°), 
oxidation of the glycol had proceeded to about 60% 
completion.

The glycol cleavage product 4 was reduced with 
tritiated sodium borohydride, and the dithioacetal 
was hydrolyzed with mercuric chloride and lead 
carbonate without intermediate work-up. The nmr 
spectrum of the crude product indicated that one 
quarter of the ethyl groups were not removed even 
after prolonged treatment; presumably oxidation at 
sulfur rendered the dithioacetal refractive to hydrolysis. 
The extent of glycol cleavage and sulfur oxidation seem 
to be in accord with the notion that the open-chain 
glycol is only a factor of two-fivefold more reactive 
toward periodate than is the dithioacetal sulfur, as 
indicated by the studies of periodate disappearance.

The product was isolated and purified by column 
chromatography on charcoal-Celite columns13'17 in two 
stages. These columns proved to be extremely power
ful separation tools when used with sufficiently gradual 
gradients of aqueous ethanol. The first column 
(Figure 1) served to separate the tritiated disac
charides from fragmented and deacetylated impurities, 
the bulk of the recovered 2, and unhydrolyzed dithio- 
acetals (not eluted with 20% ethanol). The second 
column (Figure 2) resolved two tritiated disaccharides, 
1 and 0-2-acetamido-2-deoxy-/3-D-glucopyranosyl- 
(1—>-4)-2 - acetamido - 2 - deoxy - l - arabinopyranose (5). 
Epimerization of the D-xylo residue to the L-arabino 
configuration presumably occurred at the aldehyde 
stage (Scheme II ).

1 was obtained in 17% yield from 3, or 14% overall 
from the A-acetylglucosamine dimer 2. The product 
was shown to be a radiochemically pure compound on 
several chromatographic systems. Upon hydrolysis, 
D-glucosamine and D-xylosamine were obtained in 
equimolar quantities; only the latter was radio
chemically labeled, demonstrating that the sequence 
of reactions had occurred as outlined in Scheme I. 
Hydrolysis of 5 yielded D-glucosamine and a tritium- 
labeled amino sugar which was assumed to be l-

(17) S. A . Barker, A . B . Foster, M , Stacey, and J. M . W ebber, J . C h e m .

S o c . ,  2218 (1958).

Figure 2.— Chromatographic resolution of 1 and 5 (1 X 58 em 
charcoal-Celite column, eluted with 1-10%  ethanol gradient 
over 21.): solid line, optical density; broken line, radioactivity.
Fractions marked A pooled to isolate 5, fractions B pooled to 
isolate 1.
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arabinosamine on the basis of chromatographic prop
erties18 and the method of preparation.

A sequence of reactions identical with those used to 
synthesize 1 was carried out on the iV-acetylglucosamine 
trimer (6) in an attempt to produce the next homolog 
of 1, the trisaccharide 0-2-a.cetamido-2-deoxy-^-D-glu- 
copyr anosyl- (l->4) -0-2-acetamido-2- deoxy - ¡3 -  d - gluco- 
pyranosyl-(l-*4)-2-acetamido-2-deoxy-D-xylopyranose
(7). The dithioacetal 8 was produced in 73% yield 
from 6, and its oxidation, reduction, and dithioacetal 
hydrolysis were followed with results similar to those 
reported for the disaccharide insofar as could be deter
mined by tritium incorporation, nmr, etc. However, 
all attempts to resolve the expected tritiated D-xylos
amine- and L-arabinosamine-containing trisaccharides 
failed, even though the behavior of the product in 
binding experiments with lysozyme showred clearly that 
it was a mixture of at least two labeled compounds.

In order to further support the assigned structure of 
1, and to produce the homologous trisaccharide 7 and 
tetrasaccharide 9, enzymic preparation of these N- 
acetylxylosamine-containing saccharides wTas also 
carried out. Tritium-labeled 2-acetamido-2-deoxy-a- 
D-xylopyranose (10) was prepared by the sequence of 
Scheme III. The ethylthiofuranoside of iV-acetyl- 
xylosamine (11) was produced by the method of 
Wolfrom and Winkley,7 with the introduction of tritium 
at C-5 from labeled borohydride, and hydrolyzed to 
10 by a variation of Wolfrom and Anno’s procedure.19

(18) R . K u h n  and G . B aschang, J u s t u s  L i e b i g s  A n n .  C h e m .,  628, 193 
(1959).

(19) M . L . W olfrom  and K . A n no, J .  A m e r .  C h e m . S o c . ,  75, 1038 (1953).
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Figure 3 .-^Chromatographic separation of lysozyme-catalyzed 
reaction of iV-acetylglucosamine tetramer (12) with labeled N- 
acetylxylosamine (10) (1 X  30 cm chareoal-Celite column, eluted 
with 0-40%  ethanol gradient over 2 1.): solid line, optical
density; broken line, radioactivity. Fractions A, B, and C 
pooled to isolate 1, 7, and 9, respectively.

S c h e m e  III

11 10

Incubation of 10 and the iV-acetylglucosamine tetramer 
12 with lysozyme produced a mixture of iV-acetyl- 
glucosamine oligomers and compounds containing 
tritium-labeled iV-acetylxylosamine, which could be at 
least partly resolved on a charcoal-Celite column 
(Figure 3).

On the basis of the known transglycosylation re
actions of lysozyme,20 all the tritium-labeled oligomers 
must contain IV-acetylxylosamine at their reducing 
termini. Although the linkage to A-acetylxylosamine 
is very probably 8, there is no a priori reason to believe 
that these linkages are exclusively to 0 -4 .12 The 
identity of the A-acetylxylosamine-containing disac
charide produced synthetically and enzymically was 
demonstrated by perfect cochromatography on systems 
including a charcoal-Celite column. The fact that 
binding constants with lysozyme determined by the 
dialysis equilibrium technique were identical for 
the two products and independent of saccharide and 
protein concentrations6 further demonstrates both the 
identity and purity of the samples. On the basis of 
the two alternative methods of preparation and the 
analysis of synthetic product, the structure of the com
pound obtained can only be the desired A-acetyl- 
glucosamine-/3(l—>-4)-iV-acetylxylosamino (1). Given 
that the disaccharide formed by lysozyme-catalyzed 
transglycosylation is exclusively the jS(l-*4) linked 
compound, it is reasonable to assume that the higher 
oligosaccharides 7 and 9 so produced have analogous

(20) D. M. Chipman, J. J. Pollock, and N. Sharon, J. Biol. Chem,., 243,
487 (1968); D. M. Chipman and N. Sharon, Science, 166, 454 (1969).

structures.21 They are also expected to be radio- 
chemically pure, although neither 7 nor 9 could be freed 
of the respective nonradioactive iV-acetylglucosamine 
oligomer of similar size.

The syntheses described here provide important com
pounds for testing hypotheses concerning the mecha
nism of lysozyme action, and starting materials and 
references for the preparation of more complex com
pounds for the further study of enzyme mechanisms. 
It is also likely that the synthetic scheme used here can 
be extended to the modification of other oligosac
charides. The introduction of a radiochemical label 
in the course of the synthesis tinned out to be in
valuable for following reactions, for verifying the course 
of the synthesis, and for analysis of the product. We 
feel that this technique will turn out to be generally 
useful for a wide variety of synthetic manipulations.

Experimental Section
General.— Tritiated sodium borohydride was obtained from 

New England Nuclear Corp. Rexyn 300, a mixed bed ion ex
change resin which could be used to remove free reducing sugars23 24 
as well as ions in product work-ups, was obtained from Fisher 
Scientific Co. Unlabeled 2-amino-2-deoxy-D-xylose was prepared 
by the method of Wolfrom and Winkley.7

Optical rotations were measured with a Perkin-Elmer Model 
141 polarimeter in 10-cm microcells of 1-ml capacity.

Charcoal-Celite columns were prepared by the method of 
Rupley13 from equal weights of Darco G-60 and Celite 535, and 
used only once before discarding. Linear gradients of increasing 
ethanol concentration were used for elution. Acetamido sugars 
were detected in the effluent by their end absorption in the uv 
(223 nm was generally used).

Several analytical chromatographic systems were used: sys
tem I, “ Baker-flex”  silica gel IB plates developed with n-butyl 
alcohol-ethanol-water (5 :3 :3  v /v )  and visualized with a spray of 
0.5 g of KMnO, and 40 g of NaOH in 100 ml of water; system II, 
Analtech “ Avicell”  cellulose glass plates developed with n-butyl 
alcohol-acetic acid-water (4 :2 :3  v /v )  and visualized with silver 
nitrate-base34 or the chlorine-starch iodide method of Powning 
and Irzkiewiecz;25 26 system III, Analtech cellulose 300 MN glass 
plates developed with n-butyl alcohol-ethanol-water (4 :1 :2  v /v )  
and visualized as for II; system IV, Cellulose 300 M N developed 
with pyridine-ethyl acetate-acetic acid-water (5 :5 :1 :3  v /v )  and 
visualized with 0.2%  ninhydrin in ethanol; and system V, de
scending paper chromatography on Whatman No. 1 paper with 
the eluent as in IV in a chamber saturated with pyridine-ethyl- 
acetate-water (11:40:60 v /v ), developed with ninhydrin. 
Radiochromatograms were analyzed by scraping or slicing sec
tions into scintillation vials, adding 1 ml of water, and allowing 
the vials to stand overnight. “ Aquasol”  liquid scintillation 
fluid (New England Nuclear) was then added and the vials were 
counted in a Packard 3375 counter.

Amino Sugar Analysis.— Samples of 1-2 mg of saccharide were 
hydrolyzed by heating on a steam bath for 2 hr in 2 ml of 6 A  
HC1 in a sealed tube. The solvent was removed in vacuo and the 
residue was dried by repeated evaporations with absolute ethanol. 
For qualitative analysis, chromatography in systems IV  and V 
was used.

For quantitative analysis, the sample dissolved in 0.5 ml of 
0.3 N  HC1 was chromatographed on a 1 X  20 cm column of 
Dowex 50-x8 resin (C l-  form, 200-400 mesh) equilibrated and 
eluted with 0.3 N  HC1, and 1-ml fractions were collected.28

(21) T h e  d isaccharide itself is u n d ou bted ly  p rod u ced  b y  fra gm en tation  
o f larger iV -acetylglucosam ine-contain ing saccharides, rather than d irect 
transfer o f  an iV -acetylg lucosam inyl residue to  iV -acety lxy losam ine.22 T h e  
specific ity  o f  JV -acetylxylosam ine as an acceptor as com pared  to  D -xy lose12 
is n o t  surprising after the fact, in v iew  o f  the apparent presence o f  a strong 
binding site for  the acetam id o group in the lysozym e accep tor  subsite E . K

(22) D . M . C hipm an. B i o c h e m i s t r y ,  10, 1714 (1971).
(23) S. R osem an, R . H . Abeles, and A . D orfm an , A r c h .  B i o c h e m .  B i o p h y s . ,  

36, 232 (1952).
(24) J. T revelyan , N a t u r e  { L o n d o n ) ,  166, 444 (1950).
(25) R . F . P ow n in g  and H . Irzkiew iecz, J .  C h r o m a to g r . ,  17, 621 (1965).
(26) S. G ardell, A c t a  C h e m . S c a n d . ,  7 , 207 (1953).
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Under these conditions, glucosamine was eluted in an effluent 
volume of about 76 ml and xylosamine in 100 ml. The fractions 
were analyzed by the Elson-Morgan color test for amino sugars27 
as extended by Crumpton.28 29 Standard xylosamine produced 1.21 
times the absorption at 530 nm produced by an equal weight of 
glucosamine.

0-2-Acetamido-2-deoxy-/S-D-glucopyranosyl-(l-*4)-2-acetamido- 
2-deoxy-D-glucopyranose (2) and higher chitin oligosaccharides 
were prepared by the method of Rupley,13 except that a longer 
chareoal-Celite column (4.5 X  60 cm) eluted with a very slow 
gradient (water to 20% ethanol over 41.) was used to obtain com
plete separation. From 13 g of chitin, 1.3 g of the dimer 1, 
[« ]2,d + 15 .8 ° (lit.13 [a]30d + 1 6 °), 1.1 g o f trimer6, [a]27D +3.25° 
(lit.13 [a]s0D + 2 .5 °), and 0.67 g of tetramer 12, [<*]27d —1.4° 
(lit.13 [a]30D —2.9°) (all rotations c 2, water, final), were obtained.

0-2-Acetamido-2-deoxy+-D-glucopyranosyl-(l—>-4)-2-acetamido-
2-deoxy-D-glucose Diethyl Dithioacetal (3).— 2 (850 mg) was 
dissolved in 13 ml of concentrated hydrochloric acid at 0°, ethane- 
thiol (22 ml) was added, and the mixture was stirred with a 
5000-rpm mechanical stirrer for 12 hr at 0 -3°. This time sufficed 
for all 2 to disappear (tic, system I). The ethanethiol was de
canted and the aqueous layer, which contained all of the desired 
product, was diluted to 125 ml and neutralized with basic lead 
carbonate with cooling. The suspension was filtered and the 
filtrate was passed through a 1.5 X 7.0 cm column of Rexyn 300 
mixed bed resin.23 The effluent (250 ml) was lyophilized, dis
solved in ethanol, and filtered, and the filtrate was evaporated 
to yield 930 mg (82%) of white powder, which on tic (system I) 
showed a major spot of Rt 0.64 and a trace of .V-acetylglucosamine 
dithioacetal. Crystallization from water afforded pure 3: mp 
152-159°; M 23d -1 3 .4 °  (c 0.82, ethanol); nmr (D20 ) 6 1.75 (t, 
6, J  = 8 Hz, CH3CH2S), 2.6 (s, 6, acetamido CH3), and 3.2 (q, 
4, J =  8 Hz, CH3CH2S); ir (KBr) 1670 and 1630 (amide I), 
1572 and 1532 cm -1 (amide II).

Anal. Calcd for C20H38N 2OioS2-H20 :  C, 43.78; H, 7.35; N, 
5.11; S, 11.69. Found: C, 43.56; H, 7.59; N, 4.85; S, 11.59.

0-2-Acetamido-2-deoxy-+j>glucopyranosyl-(l—>-4)-5-3/7-2-acet- 
amido-2-deoxy-D-xylopyranose (1).— 3 (500 mg, 0.905 mmol) was 
dissolved in 30 ml of water. The solution was cooled to 0° and to 
it was added a solution of 251 mg (1.18 mmol) of sodium periodate 
(1:1.3 molar ratio) in 30 ml of water cooled to 0°. The mixture 
was shaken vigorously, and then stirred at 0° for 5 min, after 
which 100 mg (0.58 mmol) of barium hydroxide in water was 
added. The reaction mixture was filtered and immediately 
lyophilized. The resulting white residue (presumably 4) was 
dissolved in 100 ml of ethanol, and the solution was filtered 
through Celite and concentrated under vacuum to 40 ml.

A 60-ml portion of a 0.1 M  solution of 3H-NaBH4 (1.7 m Ci/ 
mmol) in isopropyl alcohol was added immediately to the above 
solution, and the mixture was stirred for 3 hr at room tempera
ture. The solvent was removed by evaporation, and the residue 
was dissolved in 100 ml of water and neutralized to pH 6 with 1 
N  HC1. The solution was stirred with 5 g of Rexyn 300 and 
filtered, and the resin was washed with water. Lyophilization of 
the combined filtrate and washings yielded 500 mg of white 
powder, presumably 13.

The powder was dissolved in 30 ml of water, and 3 g of lead 
carbonate and 1.05 g of mercuric chloride were added. The re
action was stirred for 9 hr at room temperature and filtered. 
Then 3 ml of pyridine and 400 mg of lead carbonate were added 
to the filtrate, which was allowed to stand in an ice bath for 30 
min. The resulting suspension was filtered several times and 
lyophilized to yield 525 mg of crude 1. The nmr (D20 )  showed 
acetamido :ethylthio methyl groups in a 4.3:1 ratio.

Vpc Analysis of Oxidation Course.— After oxidation of 50 mg 
of 3 with periodate as described above, or oxidation of a similar 
quantity with 1 equiv of lead tetraacetate in 2 ml of pyridine, the 
samples were treated with Rexyn 300, dried, and reduced with a 
10-20-fold excess of cold NaBH, in ethanol. After repeated 
addition of methanol and evaporation, the residue was hydrolyzed 
in 3 ml of 6 N  HCI at 95° for 1 hr and dried in vacuo. The 
residue was then trimethylsilylated by the method of Sweeley, 
et al.,'a  using “ Tri-Sil”  reagent (Pierce Chemical Co.), and the 
pyridine was removed. The samples were taken up in hexane and 
analyzed by vpc on a 5 ft X  0.125 in. column of 5%  QF-1 on 
60/80 Chromosorb W, using flame ionization detection. The

(27) L. E lson  and W . M organ , B i o c h e m .  J . ,  27, 1824 (1933).
(28) M . J. C rum pton, B i o c h e m .  J . ,  72, 479 (1959).
(29) C . C . Sweeley, R . B en tley , M . M akita , and W . W. W ells, J .  A m e r .

C h e m . S o c . ,  85, 2497 (1963).

sample from lead tetraacetate oxidation showed peaks due to the 
TMS derivatives of glucosamine and glycerol, as identified by 
retention times and coinjection of authentic mixtures, but little 
or no material identifiable as xylosamine derivatives. The 
periodate oxidation product showed peaks due to the a and & 
derivatives of glucosamine, and xylosamine in about ‘ / 3 the theo
retical amount, as well as two unidentified peaks (arabinos- 
amine?).

Chromatographic Purification of 1.— Crude 1 (250 mg) was 
applied to a 1 X 43 cm charcoal-Celite column and eluted with 
a gradient of water to 20% ethanol over 2 1. Fractions cf 15 ml 
were collected at a flow rate of 0.3 ml/min. After analysis 
(Figure 1) fractions 33-55 were pooled and lyophilized to yield 
91 mg of a white powder. A portion of this material (65 mg) was 
rechromatographed on a 1 X 58 cm charcoal-Celite column eluted 
with a gradient from water to 10% ethanol over 2 1. Fractions 

• of 15 ml were collected at a flow rate of 0.75 ml/min. After 
analysis (Figure 2) fractions 89-102 (B) were pooled and lyoph
ilized to yield 24.0 mg of 1 (calcd overall yield 17% from 3). 
Rechromatography on a similar column and rejection of the 
front of the peak yielded material of specific activity 1.38 X  106 
dpm/mg (0.29 mCi/mmol), [« ]2,d —24.0° (c 2, water, final). 
Acid hydrolysis and analysis on chromatographic systems IV or 
V showed spots equivalent to authentic glucosamine and xylos
amine (Rf glucosamine 1.3 in system V), only the latter of which 
contained radioactive label.

Anal. Calcd for Ci5H26Oi0N 2-3H2O: C, 40.18; H, 7.18; N,
6.25. Found: C, 39.69; H, 6.65; N , 6.24.

0-2-Acetamido-2-deoxy-/3-D-glucopyranosyl-(l—►4)-5-3,I/-2-de-
oxy-L-arabinopyranose (5).— Fractions 76-83 from the second 
chromatography of crude 1 (A, Figure 2) were pooled and 
lyophilized to yield 15.3 mg (calcd 10% from 3) of 5. Rechroma
tography on a similar column and rejection of the tail of the peak 
yielded material of specific activity 1.27 X 106 dpm /m g (0.27 
mCi/mmol), [a] 27d —13.5° (c 0.63, water, final). Amino sugar 
analysis with system V revealed a spot equivalent to authentic 
glucosamine and a spot of Rt glucosamine 1.18, slower than xylos
amine (lit.18 Rt glucosamine 1.1 for D-arabinosamine). Only the 
latter spot was radioactively labeled.

Anal. Calcd for Ci5H26Oi0N2-3H2O: C, 40.18; H, 7.18; N,
6.25. Found: C, 39.70; H, 6.59; N, 6.09.

0-2-Acetamido-2-deoxy-/3-D-glucopyranosyl-(l—*-4)-0-2-acet-
amido-2-deoxy-+D-glucopyranosyl-(l—»-4)-2-acetamido-2-deoxy-D- 
glucose Diethyl Dithioacetal (8).— The trimer 6 (1.0 g) was 
treated with ethanethiol and hydrochloric acid under conditions 
identical with those used for synthesis of the dimer dithioacetal 
(3) and worked up similarly to yield 850 mg (72%) of a white 
product. On tic (system I) the product had Rt 0.54, and con
tained traces of monomer and dimer dithioacetals as contami
nants: nmr (D20 )  5 1.75 (t, 6, J =  8 Hz, CH3CH2S), 2.55 (s, 9, 
acetamido CH3), 3.25 (q, 4, ./ = 8  Hz, CH3CH2S).

Anal. Calcd for C28H5iN30isS2-3H20 :  C, 43.68; H, 7.20; N, 
5.46; S, 8.33. Found: C, 43.36; H, 6.96; N, 5.44; S, 7.59.

Ethyl-5-3ii-2-acetamido-2-deoxy-l-thio-a:-D-xylofuranoside (11). 
— Ethyl 2-acetamido-3,5,6-tri-0-acetyl-2-deoxy-l-thio-a-D-gluco- 
furanoside (15), mp 124-125°, M 27d +133° (lit.7 mp 122-123°, 
[a] “ d +139 ±  3°), was prepared by the method of Wolfrom and 
Winkley.7 The O-deacetylated compound 14 was prepared from
1.95 g (5.0 mmol) of 15 and oxidized with sodium periodate, as 
described.7 After the addition of barium chloride and removal of 
precipitated barium iodate, the solution was immediately 
lyophilized. The resulting residue was dissolved in 50 ml of 
absolute methanol, and 10 ml of a 0.05 M  solution of 3H-sodium 
borohydride in isopropyl alcohol (14 mCi/mmol) was added. 
After 30 min of stirring at room temperature, a further 226 mg 
(5.0 mmol) of sodium borohydride in 10 ml of methanol was 
added, and the mixture was stirred for 30 min more. The solvent 
was removed under reduced pressure, and the residue was taken 
up in water, neutralized to pH 7, and passed down a 15 X 2.5 
cm column of Rexyn 300. The effluent (200 ml) was evaporated 
under high vacuum, and the solid was recrystallized from ethanol 
to yield two crops of solid 11, 94 mg, mp 155-156°, and 110 mg, 
mp 152-154° (total yield 19%) (lit. mp 153-155°,7 157-158°19 
for unlabeled compound).

5-3//-2-Acetamido-2-deoxy-«-D-xylose (10).— 11 (200 mg) was 
dissolved in 4 ml of water and a suspension of 1.4 g of lead car
bonate and 500 mg of mercuric chloride in 12 ml of water was 
added. The mixture was stirred at room temperature for 4 hr 
and filtered. After addition of 2 ml of pyridine the solution was 
allowed to stand at 4° overnight. The precipitated pyridine
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complex oi mercury was filtered oft, and the filtrate was lyo- 
philized. The solid was repeatedly dissolved in methanol, the 
solvent was evaporated, and the white powder resulting was 
finally recrystallized from methanol-acetone-ether to afford 107 
mg (6 6 % ) of white needles, mp 180-182° dec, [ a ] 27D + 8 .4° (c 
0.74, water, final) [lit . 19  mp 184-187° dec, [a]29D + 8 ° (c 1, water, 
final) for unlabeled compound]. This material was identical in 
several tic systems with an authentic sample of IV-acetyl-a-D- 
xylosamine provided by the late Professor Wolfrom. It was re
crystallized to a constant specific activity of 3.10 X 106 dpm/mg 
(0.29 m Ci/m m ol).

Enzymic Synthesis of Oligosaccharides Containing Xylosamine.
— In a typical experiment, 17 mg (0.020 mmol) of the 0(1—*4)- 
linked tetramer of 2-acetamido-2-deoxy-D-glucose (12) and 17 mg 
(0.085 mmol) of 5-3if-2-acetamido-2-deoxy-o;-D-xylopyranose 
(10, 3.10 X 106 dpm/mg) were incubated with 2 mg of lysozyme 
(Worthington LYSF, three times recrystallized salt free) in 2 ml 
of 0.1 M sodium acetate-acetic acid buffer, pH 5.2, at 39.5° for 
25 hr, and the mixture was applied to a 1 X 30 cm charcoal-Celite 
column. The column was eluted with a gradient from water to 
40% ethanol over 2 1. Fractions of 10 ml were collected at a rate 
of 1.5 ml/min and analyzed (Figure 3). Fractions 37-50 (A) 
were pooled and lyophilized to yield 4.5 mg of material which was 
rechromatographed on a 1 X 30 cm column with a 2-1. 0-20%  
ethanol gradient. The major peak was collected and lyophilized 
to yield pure 0-2-acetamido-2-deoxy-/3-D-glucopyranosyl-(l-»-4)-

5-3//-2-acetamido-2-deoxy-D-xvlopyranose (1). This material 
was shown to be identical with that produced synthetically, by 
tic (systems I, II, III) and cochromatography on a 1 X  30 cm 
charcoal-Celite column with a 2-1. 0-15%  ethanol gradient.

Fractions 67-78 from the initial chromatography (B, Figure 
3) contained 0-2-acetamido-2-deoxy-/3-D-glucopyranosyl-(l—*4)- 
0-2-acetamido-2-deoxy-/3-D-glucopyranosyl - (1—>-4) - 5 - 3H-2 - acet- 
amido-2-deoxy-D-xylopyranose (7), together with the P { 1 — *-4)- 
linked trimer of 2-acetamido-2-deoxy-D-glucose (6 ), and fractions 
87-97 (C) contained 0-2-acetamido-2-deoxy-/3-D-glucopyranosyl- 
(1—»-4 )-0-2-acetamido-2-deoxy- p  - d  - glucopyranosyl - (1—*-4) -0 -2 -  
acetamido-2-deoxy-/3-D-glucopyranosyl-(l-^4)-5-sif-2-acetam ido- 
2-deoxyxylopyranose (9), together with the /3(1—*4) tetramer of 
2-acetamido-2-deoxy-D-glucose (12). Each of these peaks was 
pooled and rechromatographed twice, with the front of the peak 
being collected each time. Analysis of known weights of the 
final products for 3H  content revealed that the trisaccharide mix
ture contained 2 2  mol %  of the xylosamine-containing compound 
7 and that the tetrasaccharide mixture contained 16 mole %  of 
the xylosamine-containing compound 9.

Registry No.—1, 38864-17-4; 2, 35061-50-8; 3, 
38864-18-5; 4,38864-19-6; 5,38864-20-9 ; 6,38864-21- 
0; 8,38864-22-1; 10,38864-23-2; 11,38864-24-3; 13, 
38864-25-4; 14,38859-04-0; 15,7115-40-4.

C-Glycosyl Nucleosides. II .1 A Facile Synthesis 
of Derivatives of 2,5-Anhydro-D-allose

H ans P. A lbrech t , D avid  B. R e p k e , and  John G. M o ffatt*

C o n t r i b u t i o n  N o .  9 6  f r o m  t h e  I n s t i t u t e  o f  M o l e c u l a r  B i o l o g y ,  S y n t e x  R e s e a r c h ,  P a l o  A l t o ,  C a l i f o r n i a  9 4 - 3 0 4

R e c e i v e d  D e c e m b e r  1 2 ,  1 9 7 2

A very facile synthetic route to 3,4,6-substituted derivatives of 2,5-anhydro-D-allose is described. Reductive 
hydrolysis of 2,3,5-tri-O-benzoyl-^-D-ribofuranosyl cyanide (3) with Raney nickel and sodium hypophosphite 
in aqueous pyridine-acetic acid is accompanied by extensive elimination of benzoate to give furfural derivatives. 
In the presence of A.A'-diphenylethylenediamine (6 ), however, the initial aldehyde is trapped as a crystalline 1,3- 
diphenylimidazolidine derivative (7) which is obtained in 74% yield. In a similar way 5-0-benzoyl-2,3-0-iso- 
propylidene-0-D-ribofuranosyl cyanide is converted into the corresponding imidazolidine derivative (12). Alka
line hydrolysis of (7) gives l,3-diphenyl-2-(/3-D-ribofuranosyl)imidazolidine (8 ) which can be converted into the 
tri-O-benzyl ether 9a or the tri-O-acetate 9b. Regeneration of the free 3,4,6-trisubstituted 2,5-anhydro-D-alloses 
from the imidazolidine derivatives can be achieved by mild acidic treatment.

In recent years a considerable number of C-glycosyl 
nucleosides have been isolated from natural sources.2 
The frequently interesting biological properties of these 
substances have made them interesting targets for 
chemical synthesis, but as yet this has proved to be a 
more formidable task than the preparation of con
ventional iV-glycosyl nucleosides. Thus, while the 
preparation of 5-(/3-D-ribofuranosyl) uracil (pseudouri
dine) has been achieved through carbon-carbon bond 
formation between a 5-lithiopyrimidine and a suitable 
derivative of ribose,1'3 and this method has also been 
extended to other 5-glycosyluracils,4 this route has not 
yet been readily adapted for use with other hetero
cycles.

A  more versatile route would appear to involve the 
preparation of an appropriately Ci-functionalized 
derivative of 2,5-anhydro-D-allose or 2,5-anhydro-D- 
allitol (1), a compound already containing the desired

(1) F or p art I , see XJ. L erch, M . G . B urdon , and J. G . M o ffa tt, J .  O rg .

C h e m . ,  36, 1507 (1971).
(2) F or review s, see (a) K . G erzon , D . C . de L ong, and J. C . C line, P u r e  

A -p p l .  C h e m .,  28, 489 (1971); (b ) R . J. S uhadolnik, “ N ucleoside A n tib io t
ics ,”  W iley -In terscien ce , N ew  Y o rk , N . Y . ,  1970.

(3) D . M . B row n , M . G . B urdon , and R . P . S latcher, J .  C h e m . S o c . , 1051 
(1968).

(4) W . A . A sbun  and S. B . B in kley, J .  O r g .  C h e m ., 31, 3315 (1966);
33, 140 (1968).

elusive carbon-carbon bond, from which Ci can be 
elaborated into a variety of heterocycles. One such 
derivative is the diazo compound la which has been

O

r o c h 2 ^ 0 CHX

OR OR 
la , R =  CH2Ph; X  =  N2

b, R =  CH2Ph; X  =  0

c, R =  Bz; X = 0
b, X = O H

ingeniously converted into formycin B (2a)6 and 
oxoformycin (2 b)6 via initial cycloaddition to dimethyl 
acetylenedicarboxylate.

In a related way the furanosyl keto ester (1, R  =  Ac; 
CHX = C 0C 02Me) has been transformed into the

(5) E . M . A cton , K . J. R y a n , D . W . H enry, and L . G ood m a n , C h em . 
C om m u n ., 986 (1971).

(6) (a) M . B obek , J. Farkaâ, and F . Sorm , T etra h ed ron  L e t t .,  4611 (1970); 
(b ) J. F arkas and F . Sorm , C oll. C zech . C h em . C o m m u n .,  37, 2798  (1972).
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nucleoside antibiotic showdomycin,7 and both the 
carboxylic acid (1, R = Bz; CHX = COOH)8andthe 
thioformimidate [1, R  = Bz; CHX = C (= N H )- 
SCH2Ph]9 have been incorporated into derivatives of
8-/3-D-ribofuranosyladenine. Finally, the recently de
scribed synthesis of a /3-D-ribofuranosylethyne (R = 
CH2Ph; CHX =  C =C H ) paves the way to certain
4-ribosyltriazoles.10 11

A recent brief communication by Ogawa, et al.,n has 
described a multistep process by which glucose may 
be converted into 2,5-anhydro-3,4,6-tri-0-benzyl-D- 
allose (lb) which was subsequently transformed into 
intermediates leading to the diazo compound la. 
The free aldehyde group of lb is also, however, an 
attractive functional group for elaboration of C- 
glycosyl heterocycles, and in this paper we describe a 
facile route for the preparation of variously sub
stituted derivatives of 2,5-anhydro-D-allose.12

The key intermediate in our synthesis is 2,3,5-tri-O- 
benzoyl-/3-D-ribofuranosyl cyanide (3), a crystalline com
pound which is readily prepared in 70-80% yields from
2,3,5-tri-O-benzoyl-D-ribofuranosyl bromide and mer
curic cyanide according to the procedure of Bobek 
and Farka§.8 This substance has been both hy
drolyzed to the corresponding allonic acid8 and reduced 
to l-amino-2,5-anhydro-l-deoxyallitol13 during previous 
work, but the most direct route to the desired com
pound would appear to be reductive hydrolysis of the 
cyano function to the aldehyde lc. Such procedures 
have been reviewed14 and a convenient modification 
would appear to be that developed by Backeberg and 
Staskun.15 Indeed, the reaction of 3 with an excess of 
Raney nickel and sodium hypophosphite in a mixture 
of pyridine, acetic acid and water at 45° for 1 hr led to 
quite rapid conversion into a material giving a positive 
test for aldehydes using acidic dinitrophenylhydrazine 
as a spray on thin layer plates. The colored spot was,

however, orange rather than yellow and suggested the 
presence of an unsaturated aldehyde. Indeed, this 
substance was isolated as a crystalline derivative (5) 
and shown to be the furan 4 resulting from elimination 
of benzoate from the desired aldehyde lc. It could be 
readily shown by tic that this elimination took place 
during the reductive hydrolysis rather than during 
preparation of the derivative 5. Thus regeneration of 
the aldehyde 4 from 5 (see later) gave a substance 
identical with the direct product of the reductive 
hydrolysis and clearly different from lc.

This very facile elimination reaction was finally 
avoided by conducting the reductive hydrolysis re
action in the presence of A^iV'-diphenylethylene- 
diamine (6). The latter reagent has been developed

Ph

3 +
CH2NHPh
I
CH2NHPh

6

by Wanzlick and Lochel16 for the selective conversion 
of aldehydes17 into 1,3-diphenylimidazolidine deriva
tives and has previously been used to trap aldehydes 
formed by hydrogenation of nitriles18 or desulfurization 
of thio esters.19 In the presence of 6 the reaction of 3 
with sodium hypophosphite and Raney nickel in 
aqueous pyridine-acetic acid was rapid at room 
temperature and gave crystalline l,3-diphenyl-2-(2,3,5- 
tri-0-benzoyl-j3-D-ribofuranosyl)imidazolidine (7) in 
74% yield.

While, as will be seen later, the imidazolidine ring is 
very readily hydrolyzed under acidic conditions, it is 
very stable toward base. Thus treatment of 7 with

NaOMe
7  -MeOH

Ph Ph

9a, R=CH2Ph 
b, R =  Ac

5

(7 ) L . K a lvod a , J. Farkas, and F . Sorm , Tetrahedron Lett., 2297 (1970).
(8) M . B ob ek  and J. Farkas, Collect. Czech. Chem. Commun., 34, 247

(1 9 6 8 ) .
(9) J . Igo len  and T . H . D ink , Chem. Commun. , 1267 (1971).
(10 ) J . G . B uchanan, A . R . E dgar, and M . J . Pow er, J . Chem . Soc. D , 

346 (1972 ).
(11 ) T . O gawa, Y . K iku ch i, M . M atsu i, H . O hrui, H . K uzuhara , and 

S. E m o to , Agr . Biol. Chem. , 35, 1825 (1971).
(12) F o r  a general review  on  2 ,5 -an h ydro  sugars, see J. D efaye, Advan . 

Carbohyd. Chem. Biochem . , 25, 181 (1970). R ou tes  sim ilar to  th at o f  ref 11 
have subsequ ently  been  d eveloped  b y  E m oto , et al., for the preparation  o f 
the d im eth yl acetals o f other 2,5-anhydrohexose derivatives: personal com 
m unication from  D rs. H . O hrui and S. E m oto .

(13) M . B ob ek  and J. Farkas, Collect. Czech. Chem. Commun. , 34, 1684
(1969) .

(14) (a) E . M osettig , Org. React., 3, 218 (1954). (b) H ou ben -W ey l,
“ M ethoden der organischen C h em ie ,”  4th  ed, V ol. V II , part I , Th iem e 
Verlag, Stuttgart, 1954, p  299.

(15) O. G. B ack eberg and B . Staskun, J . Chem. Soc. , 3961 (1962).

methanolic sodium methoxide led to smooth cleavage 
of the benzoyl groups, giving crystalline 1,3-diphenyl- 
2-(/3-D-ribofuranosyl) imidazolidine (8) in a yield of 73%. 
Subsequent benzylation of 8 using benzyl chloride and 
sodium hydride in dimethyl sulfoxide gave the crystal
line tri-O-benzyl ether 9a in 80% yield. Alternatively, 
simple acetylation of the triol 8 gave the tri-O-acetyl

(16) H . W . W an zlick  and W . L ochel. Chem. Ber ., 86, 1463 (1953).
(17) T h is reagent has also been w idely  exp lo ited  in this la b ora tory  b y  

D r. G . H . Jones, et al. , for the isolation  o f  nucleoside 5 / -a ldehydes. See, 
e .g ., N . P . D am odaran , G . H . Jones, and J. G . M o ffa tt , J . Am er . Chem . 

Soc. , 93, 3812 (1971). W e  are particu larly  gratefu l t o  D r. Jones for  his 
ad v ice  in th is m atter.

(18) H . Plieninger and B. K iefer, Chem. Ber . , 90, 617 (1957).
(19) (a) H . J. B estm ann and H . Schulz, Chem. B er ., 92, 530 (1959 ); (b ) 

W . J. G ottstein , G . E . B ocian , L. B . Crast, K . D a d a b o , J. M . E ssery, 
J. C . G od frey , and L . C . C h eney, J . Org. Chem. , 31, 1922 (1966).
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derivative 9b in 96% yield. Clearly, other types of 
protecting groups could also be introduced under 
basic conditions if so desired.

The above methods make derivatives of 2,5-anhydro- 
D-allose containing protecting groups that can be sub
sequently removed under alkaline or reductive con
ditions readily available. Protection of the vicinal 
diol by a noneliminatable, acid-labile substituent such 
as an isopropylidene group was also desirable. To this 
end the nitrile 3 was treated with methanolic ammonia 
at 0° which selectively removed the secondary benzoyl 
groups, giving 5-0-benzoyl-/3-n-ribofuranosyl cyanide
(10) in 83% yield. This reaction has previously been 
described by Montgomery and Hewson,20 but under the 
present conditions the yield of crystalline product was 
more than doubled without the necessity of chroma
tography. Subsequent treatment of 10 with acetone

and 2,2-dimethoxypropane in the presence of perchloric 
acid gave a 95% yield of the crystalline isopropylidene 
derivative 11 which was previously described as a 
syrup.20 Reductive hydrolysis of 11 in the presence of 
AjA^-diphenylcthylenediamine gave, as above, the 
crystalline imidazolidine derivative 12 in 78% yield.

Regeneration of the free aldehyde function from
1,3-diphenylimidazolidine derivatives has usually been 
achieved by treatment with a heterogeneous mixture of 
ether and 3-6 N hydrochloric acid.18’19a The alde
hydes can, however, be liberated under much milder 
conditions by treatment with 2.5-3 molar equiv of 
p-toluenesulfonic acid monohydrate in a mixture of 
acetone and methylene chloride at 0-20°.21 Such 
treatment of 7, 9a, and 12 leads to the rapid precipita
tion of the p-toluenesulfonate salt of W,iV'-diphenyl- 
ethylenediamine which can be removed by filtration 
and aqueous extraction. The residual products so 
obtained in high yields are the 3,4,6-substituted 2,5- 
anhydro-D-allose derivatives (lc, lb, and 13, respec
tively) which are sufficiently pure for direct use in sub
sequent reactions to be described in forthcoming 
papers.22 It is interesting to note, that, even though 
tic examination of the crude reaction mixtures shows

(20) J. A . M on tg om ery  and K . H ew son, J .  H e t e r o c y c l .  C h e m 7 ,  443
(1970).

(21) p -T oluenesu lfon ic acid has prev iously  been used b y  G ottste in , e t  
a l . ,  for the liberation  o f  penicillinaldehydes from  their im idazolidin e 
derivatives.

(22) U npublished studies b y  H . P . A lbrecht, D . B . R ep k e , and J. G.
M offa tt.

complete disappearance of the imidazolidine deriva
tives, small amounts (perhaps 5%) of unreacted 
material are usually found in the worked up products. 
This could be due to the precipitation of traces of the 
p-toluenesulfonate salt of the starting material which 
does not become solubilized until work-up. For the 
preparation of analytical samples these minor im
purities can be removed by rapid chromatography on a 
column of silicic acid. By this means chromato- 
graphically and analytically pure samples of lc, lb, 
and 13 were obtained. Our previous experience in the 
chemistry of nucleoside 5'-aldehydes has made us 
acutely aware of the perils of elimination and epimeriza- 
tion reactions which attend chromatography of mol
ecules of this sort.23 The derivatives of 2,5-anhydro-D- 
allose are also potentially subject to these reactions, and, 
accordingly, we do not recommend chromatography as 
a preparative procedure. We do not have any evi
dence, however, for such side reactions prior to, or 
during, acidic removal of the imidazolidine groups. 
Certainly the chromatographic purity of the crude 
aldehydes (lb, lc, and 13) precludes elimination re
actions which are always much more prevalent than 
epimerization.23 The lack of side reactions accompany
ing the liberation of nucleoside 5'-aldehydes from their 
imidazolidine derivatives under comparable conditions 
has been previously demonstrated.17

The free aldehydes are rather unstable compounds in 
solution and it is recommended that they be generated 
only immediately prior to use. For example, the tri
benzoyl aldehyde lc can be shown by tic to undergo 
extensive decomposition upon storage in chloroform at 
room temperature for 2 hr. It can, however, be stored 
as a syrup at —20° for many days. The benzyl and 
isopropylidene derivatives (lb and 13) were, expectedly, 
more stable.

As an alternative procedure for the hydrolysis of the 
imidazolidine derivatives, we have sometimes used 
treatment with Dowex-50 (H+) resin in aqueous tetra- 
hydrofuran. This procedure is convenient since all 
traces of basic hydrolysis products are bound by the 
resin and can be removed by simple filtration. This 
procedure, however, requires treatment at 50-60° 
for several hours to complete the hydrolysis, but the re
action can be taken to completion giving chromato- 
graphically homogeneous aldehydes. By this method, 
the tribenzyl ether lb can be obtained in very high 
yield as described in the accompanying paper.24

The derivatives of 2,5-anhydro-D-allose described 
in this paper provide very useful starting materials for 
the synthesis of a wide range of C-glycosyl nucleosides. 
Such syntheses will be described in forthcoming 
papers in this series.22'24

Experimental Section
General Methods.—The general analytical methods were 

similar to those described previously . 1

Nmr Data.—These are given in Tables I and II.
2,3,5-Tri-0-benzoyl-/3-D-ribofuranosyl Cyanide (3).—This com

pound was prepared in 78% yield according to Bobekand Farkas8 

With mp 77.5-79° (lit . 8 mp 78.5-80°); [apD  24.2° (c 0.98, 
fyHCla); X“ .e°H230nm («35,000), 274 (2800), 288 (2400).

(23) See, e .g . ,  G . H . Jones and J. G . M offa tt, A bstracts, 158th N a tion a l 
M eetin g  o f  the Am erican C hem ical S ociety , N ew  Y ork , 1969, C A R B  16.

(24) G . Trum m litz and J. G . M offa tt, J .  O r g . C h e m ., 38, 1841 (1973).
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T a b l e  II
C o u p l i n g  C o n s t a n t s  ( H e r t z )

Compd J  1,2 J  2.2 J  2. i J 4,5 «A, 6

3 4 5 5 a
5 0

7 1 6 6 a a
8 1 6 6 a 0

9a 1 5 5 5 a
9b 1 5.5 5.5 5.5 a

10 4 a a a
11 2 6 0 0

12 1.5 6 6 a a
“ Not resolved.

1.3- Diphenyl-2-(2,3,5-tri-0-benzoyl-/3-D-ribofuranosyl)imidaz- 
olidine (7).— Solid 3 (25 g, 53 mmol) was added to a vigorously 
stirred suspension of Raney nickel26 (75 g) in a solution of mono
sodium hypophosphite (50 g), and iV,A, '-diphenylethylenediamine 
(21.2 g, 100 mmol) in a mixture of pyridine (375 ml), acetic acid 
(185 ml), and water (185 ml). The mixture was stirred at room 
temperature for 1.25 hr and then filtered. The precipitate was 
washed thoroughly with chloroform (3 X  200 ml), and the com
bined filtrates were diluted to a volume of 2.5 1. with chloroform 
and then washed three times with 200-ml portions of water. The 
chloroform solution was dried (M gS04) and evaporated, leaving a 
syrup that crystallized upon addition of methanol giving 26 g 
(74% ) of 7 with mp 154-155°. An analytical sample from 
chloroform-hexane had mp 155-155.5°; AmaI 232 nm (e 47,900), 
252 (34,600), 282 (5900); [« ]23d 1 1 .2 ° (cO .l, CHC13).

Anal. Calcd for C4iH 36N 20 7 (668.72): C, 73.63; H, 5.43; 
N, 4.19. Found: C, 73.74; H, 5.40; N .4.05.

2-( 1,3-Diphenylimidazolidin-2-yl)-5-benzoyloxymethylfuran 
(5).— A mixture of 3 (9.25 g, 19.6 mmol), Raney nickel (18.5 g), 
sodium hypophosphite (18.5 g), pyridine (140 ml), acetic acid 
(70 ml), and water (70 ml) was stirred at 45° for 2 hr. The 
mixture was then filtered and the filtrate evaporated in vacuo. 
The residue was partitioned between ethyl acetate and water, 
and the filtered organic phase was evaporated to dryness. The 
residue was dissolved in methanol (100 ml) containing 6  (5.3 g) 
and glacial acetic acid (2 ml) was added. After 16 hr at 23° the 
solution was evaporated, and the residue was chromatographed 
on a column of silicic acid using hexane-ether (5 :2). Evapora
tion of the main peak followed by crystallization from methanol 
gave 1.4 g (18%) of 5 with mp 111.5-113°; Am» ” 11 231 nm (sh, e 
31,400), 251 (38,000), 281 (4800), 290 (sh, 4500); Amal (KBr) 
1725,1600 cm -1.

Anal. Calcd for C27H 24N 20 3 (424.48): C, 76.39; H, 5.70; 
N, 6.60. Found: C, 76.15; H, 5.68; N, 6.45.

l,3-Diphenyl-2-(/3-D-ribofuranosyl)imidazolidine (8 ).— A solu
tion of 7 (19.8 g, 29.6 mmol) in chloroform (200 ml) was added 
to methanolic sodium methoxide (200 ml of 0.075 M), and the 
mixture was stirred at room temperature for 2.5 hr. The solu
tion was then neutralized by addition of Dowex 50 (H +) resin, 
filtered, and evaporated to dryness leaving a residue that was 
freed from methyl Benzoate by rapid chromatography on a column 
of silicic acid ( 1  kg) using chloroform-ethyl acetate ( 1 : 1 ) and 
then ethyl acetate.’ The product was then crystallized from 
aqueous methanol giving 7.5 g (73% ) of 8  with mp 169-170°; 
A“ ? h 250 nm (e 36,700), 295 (5400); [a] 23d 5.3° (c 0.2, MeOH).

Anal. Calcd for C2oH24N 20 4 (356.4): C, 67.39; H, 6.79; 
N , 7.86. Found: C, 67.35; H, 7.01; N , 7.79.

1.3- Diphenyl-2-(2,3,5-tri-0-benzyl-/3-D-ribofuranosyl jimidazol- 
idine (9a).— Carefully dried 8  (7.5 g, 21 mmol) was added to a 
stirred suspension of sodium hydride (9.6 g, 400 mmol) in DMSO 
(300 ml) and kept under argon at room temperature for 30 min. 
Benzyl chloride (70 ml, 600 mmol) was then added dropwise, 
and the mixture was heated at 60° for 2 hr. After storage over
night at room temperature the mixture was diluted with chloro
form ( 1 1 .) and washed once with 2 0 0  ml of 2  A  acetic acid and 
then with saturated aqueous sodium bicarbonate and water. 
The organic phase was dried and*evaporated, leaving a syrup that 
was chromatographed on a column of silicic acid using hexane- 
ether (4 :1) and giving 10.5 g (80%) of 9a with mp 92-94° from 
ether-hexane; a I ' x0H 254 nm (e  33,000), 294 (4300); [ a ,  23d  2.6° 
(c0.6, CHCla).

(25) N o. 28 R a n ey  nickel under water obta in ed  from  W . R . G ra ce  and 
C o.
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A n a l .  Calcd for C4,H «N ,04 (626.76): C, 78.56; H, 6.75; 
N, 4.47. Found: C, 78.94; H, 6,83; N,4.62.

1.3- Diphenyl-2-(2,3,5-tri-0-acetyl-/3-D-ribofuranosyl)imidazol- 
idine (9b).— A solution of 8 (760 mg, 2 mmol) in pyridine (6 
ml) and acetic anhydride (3 ml) was kept for 16 hr at room 
temperature. Methanol (15 ml) was added, and after 1 hr the 
solution was evaporated to dryness. The residue was dissolved 
in chloroform, washed with water, dried, and evaporated giving 
950 mg (96%) of crystalline 9b with mp 109-110° unchanged 
upon recrystallization from ether-hexane; [ a ] 23D —22° (c 0.1, 
CHCU).

A n a l .  Calcd for C26H30N2O7 (482.52): C, 64.71; H, 6.27; 
N, 5.81. Found: C, 64.99; H, 6.38; N, 5.87.

5-O-Benzoyl-d-D-ribofuranosyl Cyanide (10).— A solution of 3 
(61 g) in chloroform (600 ml) was added with stirring to ice- 
cooled, saturated methanolic ammonia (900 ml) and kept at 0° 
for 4.5 hr. The solvent was then evaporated i n  v a c u o ,  and the 
residue was dissolved in ethyl acetate, washed with a small 
volume of saturated aqueous sodium bicarbonate and then water, 
dried, and evaporated. The residual syrup was crystallized from 
benzene-hexane giving 28 g (83%) of 10 with mp 117-117.5° 
(lit.® mp 118°).

5-0-Benzoyl-2,3-0-isopropylidene-d-D-ribofuranosyl Cyanide
(11).— Solid 10 (42 g) was added to a solution of 72% perchloric 
acid (6 ml) in 2,2-dimethoxypropane (50 ml) and acetone (300 
ml), and the resulting mixture was stirred at room temperature 
for 2 hr. The solution was neutralized with ammonium hydrox
ide and evaporated to dryness, leaving a residue that was dis
solved in chloroform and washed twice with water. The organic 
phase was dried and evaporated and the residue crystallized from 
ether-hexane giving 46 g (95%) of 11 with mp 57-60° (lit.20 as a 
syrup). An analytical sample had mp 60-61 ° .

1.3- Diphenyl-2-(5-0-benzoyl-2,3-0-isopropylidene-/3-D-ribofu- 
ranosyl)imidazolidine (12).— Nitrile 1 1  (5.0 g, 17.2 mmol) was 
added to a suspension of Raney nickel (20 g), 6 (5.0 g), and 
sodium hypophosphite (10 g) in 40 ml of a mixture of pyridine, 
acetic acid, and water (2:1:1) and vigorously stirred at room 
temperature for 1 hr. The mixture was filtered, and the solid 
material was washed well with chloroform. The filtrate was 
diluted to a volume of 1 1. with chloroform and washed with 
water. The organic phase was dried and evaporated leaving a 
syrup that crystallized upon addition of methanol giving 6.6 g 
(78%) of 12 with mp 144-145° unchanged upon recrystallization 
from chloroform-hexane; X”(°H 253 nm (e 34,700), 283 (4300), 
292 (4400); [ « ] 23d  -3 6 .2 °  (c 0.1, CHC13); (KBr) 1715, 
1600 cm-1.

A n a l .  Calcd for C 30H 32N 2O 6 (500.57): C, 71.98; H ,  6.44; 
N ,  5.60. Found: C ,  72.10; H ,  6.38; N ,  5.47.

2,5-Anhydro-3,4,6-tri-0-benzoyl-D-allose (lc).— A solution of 
p-toluenesulfonic acid monohydrate (355 mg, 1.87 mmol) in 
acetone (10 ml) was added with stirring to an ice-cooled solution 
of 3 (500 mg, 0.75 mmol) in methylene chloride (25 ml). After 
5 min at 0° the mixture was allowed to come to room temperature 
over 40 min. Since tic (ether-hexane, 2:1) showed some residual 
3, an additional 50 mg of p-toluenesulfonie acid in acetone (5 ml) 
was added. After 15 min, tic showed completion of the reaction, 
and the mixture was filtered. The precipitate was washed with 
methylene chloride, and the combined filtrates were evaporated 
i n  v a c u o  without heating. The residue was dissolved in methy
lene chloride, washed three times with cold water, dried (MgS04),

and evaporated. The resulting syrup was shown by tic to con
tain a small amount of unreacted 3, which was removed by rapid 
chromatography on a column containing 15 g of silicic acid using 
ether-hexane (2:1). In this way lc (240 mg, 6 8 % ) 26 was ob
tained as a chromatographically homogeneous syrup: [a]23d
44.7° (c 0.33, CHCls); nmr (CDC13) S 9.77 ppm (d, 7 , , 2 =  1.5 
Hz, CHO ) . 21

A n a l .  Calcd for C27H 220 8 (474.45): C, 68.34; H, 4.67. 
Found: 0 ,68.22; H ,4.64.

Upon reaction with ¿erf-butyl carbazate in ethanol containing 
glacial acetic acid, lc formed a ¿erf-butylcarbazone with mp 
172-176° from chloroform-hexane.

A n a l .  Calcd for C32H 32N20 9 (588.59): C, 65.30; H, 5.48; 
N, 4.76. Found: C, 65.05; H, 5.36; N, 4.70.

2.5- Anhydro-3,4,6-tri-0-benzyl-D-allose (lb).— The imidazoli-
dine derivative (9a, 500 mg, 0.8 mmol) was treated with p-toluene- 
sulfonic acid monohydrate (350 mg) in a mixture of acetone and 
methylene chloride as during the preparation of lc. The crude 
product once again contained a little unreacted 9a which was 
removed by rapid chromatography through a column of silicic 
acid using ether-hexane (2:1). The pure fractions were evapo
rated leaving 180 mg (52% ) of lb as a chromatographically ho
mogeneous, clear syrup: [ a ] 28D 62.5° (c 0.28, CHC13); nmr
(CDC13) 3 9.64 ppm (d, / , l2 =  1.5 Hz, CHO ) ; 27 X” \0H 229 nm 
(e4800).

A n a l .  Calcd for C27H 280 5 (432.49): C, 74.98; H, 6.53. 
Found: C, 74.92; H, 6.54.

2.5- Anhydro-6-0-benzoyl-3,4-0-isopropylidene-D-allose (13).—
The imidazolidine derivative (12) was treated with p-toluene- 
sulfonic acid monohydrate exactly as above to give, following 
rapid chromatography on silicic acid, the chromatographically 
homogeneous aldehyde 13 as a clear syrup: [ a ] 23D 11.9° (c0.5,
CHC18); nmr (CDC13) S 9.65 ppm (s, CHO ) . 27

A n a l .  Calcd for CieHigOe-0.5H2O (315.31): C, 60.94: H,
6.07. Found: C, 60.65; H, 6.22.

Treatment of the crude aldehyde in ethanol with ¿erf-butyl 
carbazate in the presence of acetic acid for 1  hr at room tempera
ture gave the crystalline ¿erf-butylcarbazone with mp 118-120° 
from chloroform-hexane in 57% yield.

A n a l .  Calcd for C2 1H 28N20 7 (420.45): C, 59.99; H, 6.71; 
N, 6 .6 6 . Found: C, 60.29; H, 6.71; N, 6.58.

Registry N o.—1 (R = H; X  = 0 ), 39037-97-3: lb, 
37699-02-8; lc, 39037-99-5; lc  teri-butylcarbazone,
39038-00-1; 3,23316-67-8; 5, 39050-05-0;'6, 150-61-8; 
7, 39038-02-3; 8, 39038-03-4; 9a, 38821-04-4; 9b, 
39037-09-7; 10, 30002-87-0; 11, 29868-36-8; 12,
39037-12-2; 13, 39037-13-3; 13 ferf-butylcarbazone,
39037-14-4; 2,2-dimethoxypropane, 77-76-9; p-toluene- 
sulfonic acid, 104-15-4.

(26) T h e  y ie ld  o f  unchrom atographed  p rodu ct, w hich  is better than  9 0 %  
pure, is a lm ost quantitative. This m aterial generally  is used in subsequ ent 
reactions.

(27) T h e free a ldehydes (lc, l b ,  and 13) d o  n o t  g ive  w ell-resolved nm r 
spectra . Since the aldehyde protons in ev ita b ly  integrate for less than one 
proton , this is p rob a b ly  due to  the ease w ith  w hich these com pou n ds form  
aldehyde hydrates. Sim ilar facile hydration  o f  sugar aldehydes has been 
frequently  encountered. See, e .g . ,  D . H orton  and J. D . W ander, C a r b o h y d .  
R e s . ,  16, 477 (1971).
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C-Glycosyl Nucleosides. III.1
A Facile Synthesis of the Nucleoside Antibiotic Showdomycin

G ün ter  T ru m m litz2 and  John  G . M o ffatt*

C o n t r i b u t i o n  N o .  9 7  f r o m  t h e  I n s t i t u t e  o f  M o l e c u l a r  B i o l o g y ,  S y n t e x  R e s e a r c h ,  P a l o  A U o ,  C a l i f o r n i a  9 4 3 0 4

R e c e i v e d  D e c e m b e r  1 2 ,  1 9 7 2

The reaction of 2,5-anhydro-3,4,6-tri-0-benzyl-D-allose with sodium cyanide and hydrogen peroxide gives 3,6- 
anhydro-4,5,7-tri-0-benzyl-D-<7h/cero-D-afZo-heptonamide (6) and its D-glycero-D-altro isomer (5). Methanolysis 
of these substances gives the corresponding methyl heptonates which can be oxidized using DMSO and DCC in 
the presence of dichloroacetic acid to methyl 3,6-anhydro-4,5,7-tri-0-benzyl-D-aZZo-heptulosonate (9). Reaction 
of this keto ester with carbamoylmethylenetriphenylphosphorane leads directly to the tribenzyl ether of showdo
mycin. Removal of the benzyl groups can be achieved either by boron trifluoride catalyzed acetolysis followed 
by acidic hydrolysis, or by treatment with boron trichloride at —78°. The showdomycin so obtained is identical 
with the natural product. Several model reactions are described to clarify the steric course of the reactions be
tween a-keto esters and carbamoylmethylenetriphenylphosphorane.

The C-glycosyl nucleoside antibiotic showdomycin 
was first isolated from Streptomyces showdoensis by 
Nishimura, et al.3 On the basis of spectroscopic 
studies, chemical transformations, and ultimately 
X-ray crystallographic examination, showdomycin was 
shown to be 2-(|8-D-ribofuranosyl)maleimide (l) .4 
Since the compound shows quite significant antibac
terial3 and antitumor8 activities it has been the subject 
of numerous biochemical studies that have recently 
been reviewed.6

A synthesis of showdomycin has been briefly reported 
by Kalvoda, et al.,7 involving, as the key intermediate, 
the keto ester 2 which was ingeniously prepared via

ozonolysis of l-(2,3,5-tri-0-acetyl-/3-D-ribofuranosyl)-2,-
4,6-trimethoxybenzene. As yet details and yields of 
this process have not been disclosed but the conversion 
of 2 into showdomycin required a six-step sequence.

In the accompanying paper1 we have described effi
cient routes for the preparation of derivatives of 2,5- 
anhydro-D-allose in which the hydroxyl groups are pro
tected as benzoyl or acetyl esters, benzyl ethers, or iso- 
propylidene acetals. In this paper we describe the 
ready conversion of these compounds into keto esters 
similar to 2 and a much simplified, two-step conversion 
of one of these substances into showdomycin.

In conceiving a synthetic route to showdomycin one 
must bear in mind that, while this compound is very 
stable under acidic conditions, it is very labile in 
base,3’4 owing, at least in part, to a rapid Michael type

(1) F or part I I ,  see H . P . A lbrecht, D . B . R ep k e , and J. G . M o ffa tt, J .  

O r g .  C h e m .,  38, 1836 (1973).
(2) Syntex P ostd octora l Fellow , 1971-1973.
(3) H . N ishim ura, M . M ayam a, Y .  K om atsu , H . K a to , N . Shim aoka, 

and Y . Tanaka, J .  A n t i b i o t . ,  S e r .  A ,  17, 148 (1964).
(4) (a) Y .  N akagaw a, H . K an o, Y . Tsukuda, and H . K oyam a, T e tr a h e d r o n  

L e t t . ,  4105 (1967); (b ) K . R .  D arnall, L. B . Tow nsend, and R . K . R ob in s, 
P r o c .  N a t .  A c a d .  S c i . ,  57, 548 (1967).

(5) S. M atsuura, O . Shiratori, and  K . K atagiri, J .  A n t i b i o t . ,  S e r .  A ,  17, 234 
(1964).

(6) R . J. Suhadolnik, ‘ ‘ N ucleoside A n tib io tics ,”  W iley-Interscience, N ew  
Y ork , N . Y .,  1970, p  393.

(7) L . K a lvod a , J. FarkaS, and F . Sorm , T e tr a h e d r o n  L e t t . ,  2297 (1970).

of addition of the 5'-hydroxyl group to the maleimide 
double bond.46 In view of this alkaline instability of 
the final product, and the necessity for a fairly vigorous 
acidic step during our proposed sequence, we decided to 
use benzyl ethers for protection of our sugar moiety.

The readily available l,3-diphenyl-2-(2,3,5-tri-0- 
benzyl-/3-D-ribofuranosyl)imidazolidine (3) was there
fore treated under reflux with Dowex 50 (H+) resin in 
aqueous tetrahydrofuran to hydrolyze the imidazol- 
idine ring and liberate 2,5-anhydro-3,4,6-tri-0-benzyl- 
D-allose (4) in 95% yield. The latter compound was 
previously liberated from 3 by treatment with p- 
toluenesulfonic acid monohydrate in a mixture of 
acetone and methylene chloride at room temperature, 
but under these conditions minor amounts of unreacted 
3 were found in the final product.1 Using the resin 
method the free aldehyde 4 was obtained as a chroma- 
tographically homogeneous syrup that v?as used di
rectly in the next step (Scheme I ) .

In previous work on the synthesis of the nucleoside 
moiety of the polyoxin group of nucleoside antibiotics8 
and their analogs,9 we have made extensive use of the 
cyanohydrin reaction as a means of homologating nu
cleoside 5'-aldehydes. In this work we have found that 
such cyanohydrins are frequently somewhat difficult to 
deal with because of their tendency to revert partially 
to the original aldehydes. To offset this we have 
shown that such cyanohydrin reactions can be made 
totally irreversible by immediate addition of hydrogen 
peroxide to the reaction mixture, thus giving the cor
responding hydroxy amides. The same approach was 
used in the present work. Thus, the reaction cf 4 with 
sodium cyanide and potassium carbonate was immedi
ately followed by addition of hydrogen peroxide giving 
a roughly equal mixture of 3,6-anhydro-4,5,7-tri-0- 
benzyl-D-gfh/cero-D-cdlo-heptonamide (6) and its d- 
glycero-D-altro epimer (5) in a combined yield of 
93%. By chromatography on a column of silicic acid 
the epimeric hydroxy amides could be quite readily 
separated, giving the pure, less polar and more polar 
isomers in yields of 45 and 39%, respectively. A 
definitive assignment of stereochemistry to these two 
isomers by chemical degradation does not appear to be 
too easy at this time. It is likely that such an assign
ment could be made on either the hydroxy amides or

(8) N . P . D am odaran, G . H . Jones, and J. G . M o ffa tt , J .  A m e r .  C h e m . S o c . ,  

98 , 3812 (1971).
(9) M . D . E dge, N . P . D am odaran, G . H . Jones, and J. G . M o ffa tt , unpub- 

lished work.
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the related hydroxy acids by circular dichroism10 or 
other optical techniques, but such methods would pre
sumably demand prior removal of the benzyl ether 
chromophore. Since for our present purpose a dis
tinction between the two isomers is unnecessary, we 
have chosen to postpone this assignment of configura
tion until a later date.

Our original plan was to oxidize the hydroxy amides 
5 and 6 to the corresponding keto amide and then to 
treat the latter with carbomethoxytriphenylphos- 
phorane, giving a maleamic acid ester that could be 
cyclized to the maleimide 11a. This route was, how
ever, frustrated by the difficulties attending the oxida
tion of the hydroxy amides. The use of oxidants such 
as chromic oxide in acetic acid11 led to complex mix
tures, whereas mild methods such as the use of di
methyl sulfoxide and acetic anhydride12 gave only the 
acetate ester of the hydroxy amide. The use of the

(10) (a) J. C . C raig and W . E . Pereira, T e t r a h e d r o n , 26 , 3457 (1970); (b) 
L . I .  K a tzin  and E . G ulyas, J .  A m e r .  C h e m . S o c . ,  92, 1211 (1970).

(11) L . F . Fieser and M . Fieser, “ R eagents for O rganic Synthesis,”  V o l. 1, 
W iley , N ew  Y ork , N . Y . ,  1967, p 145.

(12) J . D . A lbrigh t and L . G oldm an, J .  A m e r .  C h e m . S o c . ,  89, 2416 (1967).

DMSO-DCC oxidation reaction13 is essentially pre
cluded by the known reaction of amides with these 
agents.14

Because of these difficulties, each hydroxy amide (5 
and 6) was then individually transformed into the cor
responding hydroxy ester by treatment under reflux 
with anhydrous methanol in the presence of Dowex 50 
(H+) resin. In this way homogeneous methyl 3,6- 
anhydro-4,5,7-tri-0-benzyl- d- glycero - d - alio-heptonate
(8) and its D-glycero-D-altro epimer (7) were pre
pared in yields of 70-75%. While both 7 and 8 
were analytically pure syrups, they could be readily 
differentiated by both tic and by their nmr spectra. 
As has been the case in most of the intermediates 
in this work, the methylene protons of the benzyl 
ethers are superimposed upon most of the sugar protons 
and preclude a detailed analysis of this region. The 
methyl ester protons in 7 and 8 are, however, cleanly 
separated and permit a quantitative estimation of 
epimeric purity. It is interesting to note that the less 
polar hydroxy amide (5 or 6) gives rise to the more 
polar of the hydroxy esters (7 or 8). For the reasons 
cited above, the assignment of relative stereochemistry 
at C2 in 7 and 8 must await further work.

Several different methods were examined for the 
oxidation of 7 and 8 to the keto ester methyl 3,-
6-anhydro-4,5,7-tri-0-benzyl-D-aZfo-heptulosonate (9). 
By far the best results were obtained using the DM SO- 
DCC method with dichloroacetic acid as the proton 
source. By this method both 7 and 8 were converted 
essentially quantitatively to the keto ester 9 within 30 
min at room temperature. Examination of the crude 
reaction mixture by tic showed essentially a single 
carbohydrate containing spot together with some in
completely removed dicyclohexylurea and some N- 
dichloroacetyl-AW'-dicyclohexylurea, both known by
products of the oxidation reaction using dichloro
acetic acid.13 The keto ester proved to be extremely 
labile and attempts to remove the by-products by either 
column or preparative thin layer chromatography on 
silicic acid led to partial decomposition. The oxida
tion step itself, however, appears to be quite clean and, 
since the urea-type by-products do not apparently 
interfere with subsequent steps, we routinely prepare 
9 immediately prior to use and treat it without further 
purification.

Our previous work with nucleoside 5'-aldehydes13 
and with 5-ketohexofuranosyluronic acid derivatives as 
potential precursors to polyoxins16 has taught us to be 
cautious of possible epimerization adjacent to the 
carbonyl group in such compounds. To convince our
selves that no such epimerization at C3 had taken place 
during preparation of 9, we directly reduce the carbonyl 
group in the normally worked up product using sodium 
borohydride in dimethoxyethane. The product from 
this reduction appeared by tic to contain only the 
epimeric hydroxy esters 7 and 8 together with the re-

(13) (a) K . E . Pfitzner and J. G . M offa tt, J .  A m e r .  C h e m . S o c . ,  87, 566 1 1

5670 (1965). (b ) F or a review  o f  these m ethods, see J. G . M o ffa tt  in  “ T ech 
niques and A p plications in O rganic Synthesis: O xida tion ,”  V o l. 2, R . L.
A ugustine and D . J. T recker, E d ., M a rce l D ekker, N ew  Y o rk , N . Y . ,  1971, 
P 1.

(14) U . Lerch and J. G . M offa tt, J .  O r g . C h e m .,  36, 3391 (1971).
(15) G . H . Jones and J. G . M offa tt, A bstracts, 158th N ation a l M eetin g  

o f  the A m erican  C h em ical Society , N ew  Y ork , N . Y .,  Sept 1969, C A R B  16.
(16) U npublished  experim ents o f  N . P . D am odaran , G . H . Jones, and J. G . 

M offa tt.
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sidual urea products known to be present in the keto 
ester. The latter were removed by chromatography on 
silicic acid giving a tic-pure mixture of 7 and 8 in an 
overall yield of 76% through the oxidation and reduc
tion sequence. Examination of this mixture by nmr 
spectroscopy showed only signals corresponding to a 
mixture of 7 and 8 with the less polar isomer now pre
dominating in a 3 :1 ratio. This combination of tic and 
nmr data would appear to allay any fear that epimeriza- 
tion of the labile keto ester 9 had taken place. The at
tempted selective reduction of 9 using sodium boro- 
hydride in methanol was not successful owing appar
ently to concomitant reduction of the ester grouping. 
The products of this reduction, or of the reduction of 
the hydroxy esters 7 and 8, appeared as a pair of rather 
polar materials giving a positive test with the periodate- 
benzidine spray17 for vicinal diols.

The keto ester 9 reacted very rapidly at room temper
ature with 1 equiv of carbamoylmethylenetriphenyl- 
phosphorane (10)18 in chloroform to give a single major 
product with a polarity less than 9 together with con
siderable amounts of polar by-products. Chromatog
raphy of the mixture on a column of silicic acid led to 
the isolation of this crystalline product in an overall 
yield of 43% from the hydroxy esters 7 and 8. The 
nmr and mass spectra of this substance clearly showed 
the disappearance of the methyl ester group and the 
presence of a single NH proton which was coupled to a 
vinyl proton. These results can be explained by 
spontaneous cyclization of an intermediate cis-oriented 
maleamic acid ester (12) to the corresponding male- 
imide (11a) which is the tribenzyl ether of showdo- 
mycin. Alternatively, the cyclization could take place 
at the level of the betaine precursor of 12 and for the

moment we cannot distinguish between these two pos
sibilities.

Only traces of a more polar product with the mobility 
expected of the acyclic product (12) or its trans oriented 
isomer (13) could be found and no pure materials were 
isolated from the polar by-products which also con
tained triphenylphosphine oxide. It is not clear 
whether these by-products are the result of decomposi
tion of the labile keto ester 9, to a general nucleophilic 
instability of the maleimide ring,19 or to further reac
tions of 11a with the phosphorane 10. Such reactions 
of imides with even highly stabilized phosphoranes are 
known20 and model experiments (see below) have shown 
that the yields of maleimides from a-keto esters and 10 
are markedly reduced if an excess of 10 is used. In 
addition, it could be shown by tic that treatment of 
pure 11a with 10 in chloroform led to fairly rapid con
version of 1 la  into unidentified polar products.

(17) M . V iscontin i, D . H och , and P . K arrer, H e lv ,  C h im . A c t a , 38, 642 
(1955).

(18) S. T rippett and D . M . W alker, J . C h e m . S o c , ,  3874 (1959).
(19) F or a review  on  cy c lic  im ides, see M . K . H argreaves, J. G . Pritch ard , 

and H . R . D ave, C h e m . R e v . ,  70, 439 (1970).
(20) W . F litsch  and B . M ü ter, C h e m . B e r . ,  104, 2847, 2852 (1971).

Completion of the synthesis of showdomycin then 
only required removal of the benzyl ether groups from 
11a. The usual approach via catalytic hydrogenolysis 
was not, however, feasible since the maleimide ring of 
showdomycin is rapidly reduced in the presence of 
palladium catalysts.4 The alternative use of sodium 
in liquid ammonia is also precluded by the extreme 
base lability of showdomycin.3’4b Two solutions to 
this problem have been found. Our first approach in
volved the acetolysis of the benzyl ethers with acetic 
anhydride in the presence of boron trifluoride etherate 
at room temperature.21 Under these conditions a 
fairly smooth reaction occurred giving what is consid
ered to be 2',3',5'-tri-0-acetylshowdomycin ( l lb ) .4a'7 
Without purification, the latter was then subjected to 
treatment with 0.15 M  methanolic hydrochloric acid at 
room temperature for 18 hr to remove the acetyl 
groups. Even on the very small scale upon which this 
reaction was conducted, crystalline showdomycin (1) 
was obtained in an overall yield of 33% from 11a. 
The second, and more direct, approach was based on 
the well-established cleavage of carbohydrate methyl22 
and benzyl23 ethers using boron trihalides. Treatment 
of 11a with boron trichloride in methylene chloride at 
— 78° followed by destruction of the excess reagent 
with methanol led quite smoothly to complete de- 
benzylation. Subsequent chromatographic purifica
tion led to beautifully crystalline showdomycin in a 
yield of 69%. The synthetic product was physically 
and spectroscopically identical with an authentic 
sample of showdomycin24 and also showed a spectrum 
of antibacterial activity identical with that of the 
natural product.26 The above route thus appears to 
offer a direct and reasonably efficient route for the syn
thesis of showdomycin.

The spontaneous cyclization of the intermediate 12 (or 
of its betaine precursor) to the maleimide 11a suggests 
that the reaction of carbamoylmethylenephosphoranes 
with a-keto esters might constitute a generally useful 
route for the preparation of substituted maleimides.19 
To check this the reaction of methyl pyruvate (14a) 
with 10 was examined under conditions similar to those 
used for preparing 11a. The reaction proceeded 
rapidly at room temperature to give two major crys
talline products in addition to triphenylphosphine 
oxide. The desired cyclized product, citraconimide 
(17a)26 was only obtained in 9% yield while the major 
product, isolated in 53% yield, proved to be the acyclic 
methyl 2-methylfumaramate (16a) (Scheme II).27

There was no indication of the presence of the mal- 
eamate 15a. The formation in this case of the fu- 
maramate 16a as the predominant product is clearly a 
consequence of steric factors. Thus when the substit
uent R  in 14 is a small methyl group, the Wittig reac-

(21) A ceto lysis  o f  carbohydrate  ethers w ith  sulfuric acid  and acetic  an
h ydride  has been described b y  R . A llerton  and H . G . F letcher, J .  A m e r .  
C h e m . S o c . ,  76, 1757 (1954). R ecen tly  th e  v ery  rapid  acetolysis o f  a h om o- 
a lly lic ben zy l ether using b oron  trifluoride has also been described  b y  E . J. 
C orey  and P . G rieco, T e tr a h e d r o n  L e t t . .  107 (1972).

(22) See, e .g . ,  T . G . B onner, E . J. Bourne, and S. M cN a lly , J .  C h e m . S o c . ,  

2929 (1960).
(23) H . Ohrui, H . K uzuhara, and S. E m oto , T e tr a h e d r o n  L e t t . ,  4267 (1971).
(24) W e  gratefu lly  acknow ledge receipt o f  a generous sam ple o f  sh ow do

m ycin  from  Shionogi R esearch  Laboratories, O saka, Japan.
(25) T h e  b io log ica l testing was done through the k ind cooperation  o f  D r. 

K . K atagiri o f  Shionogi R esearch  Laboratories.
(26) G . C iam ician  and M . D ennstedt, G a z z . C h i m . I t a l . ,  12, 501 (1882).
(27) R . A nschutz, J u s t u s  L i e b i g s  A n n .  C h e m .,  353, 169 (1907).
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tion proceeds so as to place the two bulkiest substit
uents (COOMe and CONH2) in a stable trans relation
ship.23 On the other hand, with the keto ester 9 the 
bulky, benzylated furan ring becomes the major steric 
influence and becomes oriented trans to the carbamoyl 
group. The resulting maleamate (12) then undergoes 
spontaneous cyclization to 11a. Once again, it cannot 
be ruled out that cyclization occurs at the betaine level 
preceding actual formation of 12. An intermediate 
course was taken in the reaction of 10 with methyl 
phenylglyoxalate (14b). This reaction, which was ex
pectedly somewhat slower than the others and required 
brief heating in chloroform, led to roughly equal 
amounts of 2-phenylmaleimide (17b, 26% )29 and the 
previously undescribed /3-carbomethoxy-ras-cinnam- 
amide (16b, 30%). In this case there is apparently 
little difference between the phenyl and carbomethoxy 
groups with regard to the steric control that they pro
vide to the reaction.

The same type of steric control is clearly provided in 
the reaction of the acetylated ketd ester 2 with carbo- 
ethoxymethylenetriphenylphosphorane since the prod
uct of this reaction was shown to be a 10:1 mixture of 
isomers with the cis diester predominating.7 The reac
tion of 9 with carboethoxytriphenylphosphorane also 
proceeded so as to give essentially a single isomer. By 
chromatography on silicic acid a homogeneous product, 
which by analogy with the results of the Czech workers7 
is considered to have the maleate structure 18, was iso-

COOMe ^COOEt

N
H

lated in 65% yield. This product has not, however, 
been examined further.

From the results above it is clear that the reaction of 
a-keto esters 14 with carbamoylmethylenetriphenyl- 
phosphorane provides a direct route to 2-substituted

(28) F or  a general d iscussion o f  the stereoch em istry  o f  the W ittig  reaction, 
see J. R eu cro ft  and P . Sammes, Q u a r t .  R e v . ,  25, 135 (1971).

(29) C . S. R on d estved t and O. Y og i, J .  A m e r .  C h e m . S o c . ,  77, 2313 (1955).

maleimides providing that the substituent R, on 14 is 
reasonably bulky. The method would appear to offer 
an interesting route to analogs and homologs of show- 
domycin and we hope to describe our efforts in these 
directions at a later date.

Experimental Section
General Methods.— Thin layer chromatography was carried 

out using silica gel GF on glass plates obtained from Analtech, 
Inc., Newark, Del. Preparative tic was done using 1.3-mm 
layers of Merck silica gel HF on 20 X  100 cm glass plates and 
column chromatography using Merck silica gel with 0.05-0.20- 
mm particles. Nmr spectra were determined using a Varian 
HA-100 spectrometer and are reported in parts per million down- 
field from an internal standard of tetramethylsilane. Mass 
spectra were obtained using an Atlas CH-4 spectrometer fitted 
with a direct inlet system. Elemental analyses and most physi
cal measurements were obtained by the Analytical Laboratories 
of Syntex Research. We are particularly grateful to Dr. M . L. 
Maddox and Mrs. J. Nelson and to Dr. L. Tokes for their co
operation with nmr and mass spectrometry.

2,5-Anhydro-3,4,6-tri-0-benzyl-D-allose (4).— Dried Dowex 50 
(H+) resin (6.5 g) was added to a solution of l,3-diphenyl-2- 
(2,3,5-tri-0-benzyl-/3-D-ribofuranosyl)imidazolidine (3, 1.25 g,
2.0 mmol) 1 in a mixture of tetrahydrofuran (130 ml) and water 
(65 ml). The resulting mixture was stirred under reflux for 4 
hr, the reaction being monitored by tic using ether-hexane (2 : 1 ). 
Since some unreacted 3 persisted, the resin was removed by filtra
tion and the filtrate was retreated with fresh Dowex 50 (H +) 
resin as above. The mixture was then filtered and the resin was 
washed with tetrahydrofuran. The combined filtrates were 
evaporated and dried in vacuo leaving 821 mg (95% ) of 4 that was 
chromatographically homogeneous and identical with the material 
previously described . 1

3,6-Anhydro-4,5,7-tri-0-benzyl-D-f//?/cero-D-aftro-heptonamide 
(6 ) and Its D-Glycero-D-altro Isomer (5).— A solution of sodium 
cyanide (1.5 g) and potassium carbonate (1.5 g) in water (20 ml) 
was added to a cooled (10°) solution of 4 (821 mg, 1.9 mmol) in 
dioxane (30 ml) and the mixture was then stirred at room tem
perature for 30 min. The solution was then cooled in ice and 
stirred while 30% hydrogen peroxide (5.5 ml) was added. After
1 hr the mixture was added to 500 ml of ice-water and the pre
cipitate was collected, washed with cold water, and dried over 
phosphorus pentoxide giving 840 mg (93%) of a mixture of 5 and
6 . This material was chromatographed on a 4 X 50 cm column 
of silicic acid using ethyl acetate-chloroform ( 1 : 1 ) to effect a 
clean separation. The less polar isomer was crystallized from 
aqueous methanol giving 410 mg (45% ) of 5 or 6  with mp 141.5- 
142°; [a] 23d 125.6° (c 0.18, CHC13); (KBr) 1650, 1640 
cm - 1  (CONH2); nmr (CDCh), 8  3 .4 -4 . 8  (m, 13, sugar protons 
and ArCH 20 ), 4.15 (br s, 1, C2OH), 5.64 and 6.62 (br s, 1, 
CONH2), 7.24 ppm (m, 15, Ar).

Anal. Calcd for C28H 3iN 0 6 (477.57): C, 70.42; H, 6.54; 
N, 2.93. Found: C, 70.43; H, 6.31; N, 2.99.

The more polar isomer (355 mg, 39% ) was obtained as a syrup 
that was homogeneous and free of the other isomer by tic using 
CHGL-EtOAc (1 :1) or ether-hexane ( 2 : 1 ) and that crystallized 
upon storage with mp 79-84° (it was, however, difficult to re
crystallize from a solvent); [c*]23d 74.7° (c 0.11, CHC13); rmi«  
(KBr) 1660 cm - 1  (CONH2); nmr (CDCI3) 8  3.51 (dd, 1 , Jt,7a =
2 Hz, J gem =  10 Hz, C7a H), 3.79 (dd, 1, / 6,7b =  2 .5 H z ,T eem = 
10 Hz, C,b H ), 3 .9 -4 . 8  (m, 11, C2-C 6H and ArCH20 ), 4.1 (brs, 1, 
C2OH), 5.45 and 6.52 (br s, 1, CONH2), 7.3 ppm (m, 15, Ar).

Anal. Calcd for C28H 3 1N 0 6 (477.57): C, 70.42; H, 6.54; 
N, 2.93. Found: C, 70.49; H, 6.64; N, 2.86.

Methyl 3,6 -Anhydro-4,5,7-tri-O-benzyl-v-glycero-n-allo-hepton- 
ate (8 ) and Its D-Glycero-D-altro Isomer (7).— Dried Dowex 50 
(H +) resin (2.5 g ) 30 was added to a solution of the less polar 
hydroxy amide (5 or 6 , 380 mg, 0.8 mmol) in dry methanol 
( 2 0  ml) and the mixture was stirred under reflux, the reaction 
being monitored by tic using EtOAc-CHCl3 (1 :1). After 6  hr a 
further portion of the resin (2.5 g) was added and after a total 
of 8  hr the resin was removed by filtration and washed with 
methanol. Evaporation of the solvent left a syrup that was 
purified by chromatography on a column of silicic acid using

(30) F reshly regenerated D ow ex  50 (H  +) resin was carefu lly  w ashed w ith 
m ethanol, then  w ith  ether, and dried  in  a vacu u m  oven  a t 40° for 24 hr.
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ether-hexane (2 :1) giving 277 mg (70% ) of a homogeneous 
hydroxy ester (7 or 8 ) as a syrup: [a] 23d 40.9° (c 0.11, CHC1S);
nmr (CDCh) $ 3.3-4.7 (m, 13, sugar protons and ArCH 20 ) , 3.66 
(s, 3, OMe), 7.27 ppm (s, 15, Ar).

Anal. Calcd for C29H,20 7 (492.58): C, 70.72; H, 6.55. 
Found: C, 70.76; H ,6.52.

The more polar hydroxy amide (290 mg, 0.6 mmol) was treated 
in the same way as above to give 215 mg (74%) of a hydroxy ester 
(7 or 8 ) that was homogeneous by tic using ether-hexane (2:1) 
and was less polar than its isomer above: [<*]23d 20.3° (c 0.13,
CHCI3); nmr S 3.3-4.7 (m, 13, sugar protons and ArCH20 ) ;
3.73 (s, 3, OMe), 7.27 ppm (s, 15, Ar).

Anal. Caled for C29H 320 7 (492.58): C, 70.72; H, 6.55. 
Found: C, 70.29; H, 6.64.

Methyl 3,6-Anhydro-4,5,7-tri-0-benzyl-D-aMo-heptulosonate
(9).— Dichloroacetic acid (0.041 ml, 0.5 mmol) was added to an 
ice-cooled, stirred solution of 7, 8 , or a mixture of these com
pounds (493 mg, 1 mmol) and dicyclohexylcarbodiimide (515 mg,
2.5 mmol) in a mixture of anhydrous dimethyl sulfoxide (5 ml) 
and benzene (5 ml). After 30 min at room temperature the 
mixture was cooled to 0 ° and a concentrated aqueous solution of 
oxalic acid (1.5 mmol) was added. The mixture was kept at 
room temperature for 20 min, diluted with ethyl acetate (50 ml), 
and filtered. The filtrate was washed five times with water and 
the organic phase was dried (Linde 4A Molecular Sieve) and 
evaporated to a syrup. The latter was dissolved in ethanol (5 
ml) and a small amount of dicyclohexylurea was removed by 
filtration. Evaporation of the solution left the keto ester 9 as a 
syrup that was contaminated by minor amounts of dicyclohexyl
urea and A-dichloroacetyl-iV,iV'-dicyclohexylurea. Attempted 
purification of 9 by chromatography on silicic acid led to partial 
decomposition and accordingly the material was used directly in 
the next steps: vmB.x (film) 1730 (sh), 1750 cm -1, and no hy
droxyl band.

Borohydride Reduction of 9.—Sodium borohydride (30 mg) 
was added to an ice-cooled solution of 9 (prepared from 0.2 mmol 
of a mixture of 7 and 8 ) in 1,2-dimethoxyethane (1 ml) and the 
mixture was stirred at room temperature for 15 min. The mix
ture was diluted with chloroform (5 ml), washed four times with 
water, dried, and evaporated leaving a syrup. The latter was 
chromatographed on a column of silicic acid using ether-hexane 
(2 :1) to remove residual urea by-products and gave 75 mg (76% 
overall from the hydroxy ester) of a mixture of 7 and 8  with the 
less polar isomer predominating in a 3:1 ratio. The nmr spec
trum of this mixture was identical with that of a mixture of 7 
and 8  and showed no evidence of other isomers.

A comparable reduction of 9 (or of a mixture of 7 and 8 ) using 
sodium borohydride in methanol led to reduction of the ester 
grouping and gave two more polar products showing a positive 
test for vicinal diols with the periodate-benzidine spray . 17

2-( 2,3,5-T ri-0-benzyl-/3-D-ribof uranosyljmaleimide (11a).— A 
solution of carbamoylmethylenetriphenylphosphorane (10, 320 
mg, 1 mmol) 18 and 9 (from 1 mmol of a mixture of 7 and 8 ) in 
dry chloroform (15 ml) was stirred at room temperature for 30 
min. The solvent was then evaporated and the residue was 
chromatographed on a 3.5 X 25 cm column of silicic acid using a 
gradient of 33 to 50% ether in hexane. Crystallization of the 
major product from ether-hexane gave 215 mg (43% from the 
hydroxy esters) of 11a with mp 64-65°; [ a ] 2SD 96° (c 0.55, CH- 
Cl3); Vmax (KBr) 1775, 1720, 1635 cm "1; nmr (CDC13) S 3.51 
(dd, 1, J gem =  11 Hz, Jt. . =  3 Hz, C6-a H), 3.74 (dd, 1, J eem = 
11 Hz, Jt,.6-b =  3 Hz, C6.b H ), 3.9 (m, 2, C2< H and C3. H), 4 .2-
4.7 (m, 7, ArCH2 and C4- H ), 4.96 (dd, 1, Jv.v =  Jv.t = 2 Hz, 
Ci. H), 6.54 (dd, 1 , Jv. 3 =  J3,nh =  2 Hz, C3 H ), 7.25 (m, 15, 
Ar), 7.7 ppm (br s, 1, N H ); ORD (MeOH) multiple Cotton 
effect [4>]220 22,000°, [4>]238 0°, [4> ]? 61 -  18,500°, [4>]205 0°, and 
[4>]3o8 4500°; mass spectrum (70 eV, 150°) m/e 499 (M +), 408 
(M  -  C,H7).

Anal. Calcd for C30H 29NO 6 (499.57): C, 72.13; H, 5.85; 
N, 2.80. Found: C, 72.59; H, 5.89; N, 2.84.

2-(/3-D-Ribofuranosyl)maleimide (1) (Showdomycin). A.— A 
solution of boron trichloride (6.0 g, 50 mmol) in methylene chlo
ride (20 ml) at —78° was added to a solution of 11a (300 mg, 0.6 
mmol) in methylene chloride (5 ml) and the mixture was stored 
at —78° for 30 hr and then at —50° for 2 hr. A mixture of 
methanol (25 ml) and methylene chloride (25 ml) at —78° was 
then added and the temperature was allowed to slowly rise to 
—20°. After storage overnight at —20° the solvents were 
evaporated in vacuo and the residue was coevaporated with 
methanol four times. The final residue was chromatographed on

a 2 X 20 cm column of silicic acid using ethyl acetate-acetone 
(7:3). The major peak was crystallized from acetone-benzene 
giving 95 mg (69%) of 1 as colorless needles with mp 154.5-156° 
(lit. mp 153-154,3 152-153,7 160-161 °<»). The melting point 
was not depressed upon admixture with an authentic sample of 
showdomycin24 and the two samples showed identical spectro
scopic and antibacterial26 behavior.

B.— Boron trifluoride etherate (0.05 ml) was added to an ice- 
cooled solution of 11a (25 mg) in acetic anhydride (0.5 ml). The 
resulting solution was stirred at 5° for 1 hr and then at room 
temperature for 18 hr with addition of a further portion of boron 
trifluoride (0.1 ml) after 6 hr. The mixture was then partitioned 
between water and chloroform and the organic phase was dried 
and evaporated to a syrup that contained the tri-O-acetate (lib). 
This was dissolved in methanol (10 ml) and a 3 A  solution of 
hydrochloric acid in methanol (0.5 ml) was added. After storage 
at room temperature for 18 hr the solution was evaporated and 
the residue chromatographed on a column of silicic acid as 
described in A. Crystallization of the major peak from acetone- 
benzene gave 3.8 mg (33%) of 1 identical with that above.

Reaction of Methyl Pyruvate with Carbamoylmethylenetri- 
phenylphosphorane (10).— A solution of 10 (319 mg, 1 mmol)18 
and methyl pyruvate (102 mg, 1 mmol) in dry chloroform (5 ml) 
was stirred at room temperature for 20 min and then evaporated 
to dryness. The residue was chromatographed on a 2 X 20 cm 
column of silicic acid using chloroform-ethyl acetate (1:1) giving 
three main fractions. Crystallization of the least polar com
pound gave 10 mg (9%) of citraconimide (15) with mp 109-110° 
(lit.28 mp 109-110°); nmr (CDC13) « 2.06 (d, 3, J  =  2 Hz, CHS),
6.3 (m, 1, CH), 7.7 ppm (brs, 1,NH). The second compound was 
triphenylphosphine oxide while the most polar fraction contained 
75 mg (53%) of methyl 2-methylfumaramate (16a) with mp
118-119° from chloroform-hexane (lit.27 mp 117°); x” '°H 221 nm 
(e 10,000) } Pmax (KBr) 1725, 1705, 1675, 1620 cm“1; nmr (CD- 
Cl3) S 2.26 (d, 3, /  =  2 Hz, CH,), 3.79 (s, 3, COOMe), 5.80 
(br s, 2, CONH2), 6.80 ppm (m, 1, CH).

Reaction of Methyl Phenylglyoxalate (14b) with 10.— A solu
tion of 10 (319 mg, 1 mmol)18 and 14b (164 mg, 1 mmol) in dry 
chloroform (3 ml) was heated under reflux for 30 min and then 
evaporated to a syrup which was chromatographed on a 3 X 25 
cm column of silicic acid. Elution with hexane-ether (2:1) gave 
a little unreacted 14b, followed by a substance that was crystal
lized from chloroform-hexane giving 45 mg (26%) of 2-phenyl- 
maleimide with mp 166-168° (lit.29 mp 167-168°); nmr (CDC13) 
8 6.69 (s, 1, CH), 7.3-8 ppm (m, 5, Ar).

Elution with chloroform-ethyl acetate (1:1) gave triphenyl
phosphine oxide followed by a substance that was crystallized 
from chloroform-hexane giving 61 mg (30%) of /3-carbomethoxy- 
cis-cinnamamide (16b) with mp 113.5-114.5°; 278 nm
(sh, e 5200); j w  (KBr) 1712, 1685, 1670, 1610 cm-1; nmr 
(CDC1,) S 3.78 (s, 3, OMe), 5.2 and 5.6 (br s, 1, NH), 7.04 (s, 1, 
CH), 7.2-7.5 ppm (m, 5, Ar).

A n a l .  Calcd for CnHuNO, (205.22): C, 64.38; H, 5.40; 
N, 6.83. Found: C, 64.31; H, 5.63; N, 6.75.

l-Methyl-4-ethyl 2-(2,3,5-Tri-0-benzyl-/3-D-ribofuranosyl)ma- 
leate (18).— Carboethoxymethylenetriphenylphosphorane (70 
mg, 0.2 mmol) was added to a solution of 9 (from 0.2 mmol of a 
mixture of 7 and 8) in chloroform (2 ml) and then stirred for 2.5 
hr at room temperature. After evaporation of the solvent the 
residue was purified by chromatography on a 2 X 30 cm column 
of silicic acid using ether-hexane (1:1) giving 73 mg (65%) of 18 
that was homogeneous by tic: [a]23D 6° (c 0.2, CHC13); iv»iCl!
1700, 1725 cm“1; nmr (CDCl,) 8 1.23 (t, 3, /  =  7 Hz, CH2CH3),
3.46 and 3.61 (dd, J g e m =  11 Hz, JV.s'a =  J v . s ' b  =  4 Hz, Cs« H2),
3.69 (s, 3, OCH3), 3.8-4.3 (m, 2, C3- H and C4. H), 4.04 (dd, 1, 
J v . v  =  J v . v  =  4 Hz, C2. H), 4.14 (q, 2, /  =  7 Hz, CH2CH3),
4.47, 4.50, and 4.55 (s, 2, OCTLPh), 4.73 (dd, 1, J v . v  =  4 Hz, 
«/»Hylic =  2 Hz, Cl- H), 6.27 (d, 1, , /allyno =  2 Hz, CHCOOEt),
7.3 ppm (m, 15, Ar).

A n a l .  Calcd for C33H360 8 (560.65): C, 70.70; H, 6.47. 
Found: C, 70.56; H,6.41.

Registry No.—I, 16755-07-0; 3, 38821-04-4; 4, 
37699-02-8; 5, 38821-06-6; 6, 38821-07-7; 7, 38821-
08-8; 8, 38821-09-9; 9, 38821-10-2; 10, 38821-11-3; 
11a, 38821-12-4; 14b, 15206-55-0; 16a, 38821-13-5; 
16b, 38821-14-6; 18, 38821-15-7; dichloroacetic acid, 
79-43-6; methyl pyruvate, 600-22-6; carboethoxy- 
methylenetriphenylphosphorane, 21382-83-2.
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New Alkaloids and Related Artifacts from Cyclea peltatal& h

S. M orris K upchan,* A ndris J. L iepa, R obert L. Baxter , and H arold P. J. H intz10

D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  V i r g i n i a ,  C h a r l o t t e s v i l l e ,  V i r g i n i a  2 2 9 0 1  

R e c e i v e d  O c t o b e r  1 1 ,  1 9 7 2

Five new bisbenzylisoquinoline alkaloids, cycleapeltine (11), cycleadrine (S), cycleacurine (19), cycleanorine
(8), and cycleahomine chloride (14), have been isolated from C y c l e a  p e l t a t a  Diels and their structures determined. 
Three related artifacts have also been isolated and the structures 16, 26, and 31 advanced on the basis of spectro
scopic and chemical evidence.

The bisbenzylisoquinoline alkaloid dZ-tetrandrine 
was found to have a significant inhibitory activity 
against the Walker intramuscular carcinosarcoma 256 
in rats, over a wide dosage range.2 Subsequent studies 
revealed that the dextrorotatory enantiomer, tet- 
randrine (1), was equally active. Tetrandrine has 
undergone extensive preclinical toxicological studies and 
has been selected for clinical trial. The promising bio
logical activity prompted the procurement by the 
National Cancer Institute of a large collection of roots 
of Cyclea peltata Diels,3-5 for the isolation of kilogram 
quantities of tetrandrine. In view of the in vivo tumor- 
inhibitory activity of related alkaloids2'6 as well, it was 
deemed of interest to examine the mother liquors of the 
large-scale extraction of tetrandrine as a potentially 
unique source of new alkaloid tumor inhibitors. We re
port here the isolation and structural elucidation of 
cycleapeltine (11), cycleadrine (5), cycleacurine (19), 
cycleanorine (8), and cycleahomine chloride (14), five 
new bisbenzyltetrahydroisoquinoline alkaloids from 
Cyclea peltata. In addition, three related artifacts have 
been isolated and structures 16,26, and 31 advanced.

The extraction of 6000 lb of Cyclea peltata was car
ried out by a procedure modified only slightly from our 
initial laboratory work.3’6 The bulk of tetrandrine (1) 
and the other major alkaloid, fangchinoline (2), were 
retained and the extraction mother liquors containing 
the water-soluble, methanol-soluble, and glycol-soluble 
alkaloids were sent to us for investigation.

Acid extraction of an aliquot of the methanol-sol
uble alkaloids gave fraction D, which after column 
chromatography on alumina and fractional recrystal
lization eventually yielded large amounts of 1 and much 
smaller amounts of another crystalline alkaloid, cy
cleapeltine, C37H40N2O6 [mp 232-234°; [<*]d — 106° 
(CHCI3)]. The nmr spectrum of cycleapeltine ex
hibited two A-methyl signals at r 7.47 and 7.53 and 
three O-methyl signals at 6.07, 6.27, and 6.71. Its

(1) (a ) T u m or Inh ib itors . L X X I X .  P a rt  L X X V I I I :  S. M . K u pchan ,
V . K am esw aran, and J. W . A . F indlay, J .  O r g . C h e m . ,  38, 405 (1973). (b )
T h is  investiga tion  was su pported  b y  grants from  the N ation a l C ancer In 
stitu te  (C A -11718  and C A -12059) and a con tract w ith  the D iv ision  o f  C an
cer  T reatm ent, N ation a l C ancer In stitu te  (N IH  71-2099). (c ) N ationa l
Institu tes o f  H ealth P ostd octora l Fellow , 1971-1972.

(2) (a) S. M . K u pch an , 7th  P a n  A m erican  C ongress o f  P h arm a cy  and
B ioch em istry , B uenos Aires, Argentina, D e c  1966; C h e m . E n g .  N e w s ,  44, 
64 (1966). (b ) J. L. H artw ell and B . J. A b b ott, A d v a n .  P h a r m .  C h e m o th e r . ,
7, 117 (1969).

(3) S. M . K u pch an , N . Y ok oy a m a , and B . S. T h yagara jan , J .  P h a r m .  S c i . ,  
50, 164 (1961).

(4) T h e  C y c l e a  -p e lta ta  roots  (6000 lb ) w ere co llected  in  In d ia  in January 
1967 b y  M eer  C orp .

(5) T h e  large-scale extraction  and fra ction ation  was carried out b y  D r. 
J. A . E llard , M on sa n to  R esearch  C orp ., D a y ton , O hio, under a con tract 
w ith D ru g  R esearch  and D evelopm en t, D iv is ion  o f  C ancer Treatm ent, N a 
tion al C ancer Institu te. W e  thank D r. H arry  B . W ood , Jr., N C I, for m ak
ing th e  m other liquors available to  us.

(6) (a) S. M . K u pch an . T .-H . Y ang , G . S. Vasilik iotis, M . H . Barnes, and
M . L . K ing , J .  O r g . C h e m .,  34, 3884 (1969); (b ) S. M . K u p ch an  and A . J. 
Liepa, C h e m . C o m m u n .,  599 (1971).

mass spectrum indicated a fragmentation pattern 
characteristic of a “ head to head”  bisbenzyltetrahy- 
droisoquinoline alkaloid with two diphenyl ether link-

9, Rl = R2 = R3 = R4 = CH3; R5 = COOCH3 (1-S, l'-S)

10, R = H (1 - R ,  l ' - R )

11, R = H (1-S, l'-S)
12, R = CH3 (1-S, l'-S)

15, R = CH3; X = I
16, R = CH2CI; X  = Cl
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ages.7 All of these data are in accord with those re
ported for limacusine (10) except that the optical rota
tion is of the opposite sign,8 suggesting that cycleapel- 
tine (11) is the antipode of 10. Accordingly, treatment 
of 11 with methanolic diazomethane yielded a product 
identical with the known O-methylrepandine (12).9

Acid extraction (with subsequent neutralization to 
pH 7.0-7.5) of an aliquot of the glycol-soluble alkaloids 
(fraction A) gave fraction E, which after column chro
matography on alumina yielded more 1 and a slightly 
more polar oil. Thin layer chromatography of this oil 
on alumina yielded 2 and an optically inactive isomeric 
alkaloid, cycleadrine, isolated as its bishydriodide salt 
(mp 223-224°). Treatment of this salt with aqueous 
ammonia liberated the free base, C37H40N2O6, mp 160- 
162°. The nmr spectrum of cycleadrine exhibited two 
A-methyl signals at t 7.57 and 7.75 and three 0-methyl 
signals at 6.12, 6.12, and 6.27. Its mass spectrum in
dicated a fragmentation pattern characteristic of a 
“ head to head”  bisbenzyltetrahydroisoquinoline al
kaloid with two diphenyl ether linkages. The base- 
induced bathochromic uv shift suggested a phenolic 
functionality. Treatment of the free base with meth
anolic diazomethane yielded a product identical with 
isotetrandrine (3),9a,b,1° apart from its optical inac
tivity. Of the four possible de-O-methylisotetrandrine 
isomers, only berbamine (4) is known and the reported 
data10 excluded it from further consideration. Dis
tinction between the remaining three isomers, 5, 6, and 
7, could be made by examination of the spectra data. 
The mass spectral rearrangement7 ion 13 is of value. 
As the observed icn 13 was at m/e 417 (11%), structure 
6 could be excluded, since the C :D  ring isoquinoline 
nucleus that was lost during the rearrangement would 
have had to contain a methoxyl group. The choice 
between structures 5 and 7 was based on the nmr chem
ical shift of the high-field methoxyl signal. A methoxyl 
group at the 7 position usually appears near r 6.80.9 
As the highest field methoxyl signal in cycleadrine is 
only at r 6.27, cycleadrine could be assigned structure 
5 in the form of a mixture of two antipodal diastereo- 
mers of 2.

Basification to pH 12 of the acid extract of frac
tion A gave fraction F, which after separation on an 
anionic ion exchange column and subsequent tic on 
alumina yielded a third alkaloid, cycleacurine, isolated 
as its bishydrobromide salt, mp 293-296°. Treatment 
of this salt with aqueous sodium bicarbonate liberated 
the amorphous free base, C35H36N2O6, mp 205-208°, 
[« ]d — 202° (CH 3O H ). The nmr spectrum (DM- 
SO-de) of cycleacurine exhibited two A-methyl signals 
at r 7.52 and 7.82 and a single O-methyl signal at 6.25. 
Its mass spectrum indicated a fragmentation pattern 
characteristic of a “ head to tail”  bisbenzyltetrahydro- 
isoquinoline alkaiiod with two diphenyl ether link
ages.11 The solubility properties as well as a base-in
duced bathochromic uv shift suggested the presence of

(7) J. Baidas, I. R . C . B ick , T . Ibuka , R . S. K ap il, and Q. N . P orter, J .  
C h e m . S o c . ,  P e r k i n  T r a n s .  1 , 592 (1972).

(8) M . T om ita  and H . Furukaw a, T e tr a h e d r o n  L e t t . ,  4293 (1966).
(9) (a) I . R . C . B ick , J . H a rley -M ason , N . Sheppard, and M . J. V ernengo, 

J .  C h e m . S o c . ,  1896 (1961); (b ) M . T om ita , K . F u jitan i, A . K ato , H . F u ru - 
kawa, Y . A oy agi, M . K ita n o , and T . Ibu k a , T e tr a h e d r o n  L e t t . ,  857 (1966); 
(c) I . R . C . B ick , E . S. E w en, and A . R . T od d , J .  C h e m . S o c . ,  695 (1953).

(10) I . R . C . B ick , P . S. C lezy , and W. D. C row , A u s t .  J .  C h e m .,  9, 111 
(1956).

(11) J. Baidas, I . R .  C. B ick , T . Ibu k a , R . S. K apil, and Q. N . Porter, 
J .  C h e m . S o c . ,  P e r k i n  T r a n s .  1 , 599 (1972).

17, R1 = R2 = R3 = R4 = CH3
18, R1 = R2 = R3 = H; R4 = CH3
19, R2 = R3 = R4 = H; R1 = CH3
20, R2 = R3 = R4 = CHzCH,; R1 = CH3

21, Rl = CH2CH3; R2 = R3 = H
22, R' = CH3; R2 = R3 = CH2CH3
23, R2 = CH3; R1 = R3 = H
24, R3 = CH3; R1 = R2 = H

several phenolic functionalities. Treatment of the free 
base with methanolic diazomethane yielded a product 
which was shown to be the antipode of the known di-O- 
methyl-d-curine, I7.12

To locate the methoxyl position in cycleacurine, it was 
necessary to identify the phenol groups. For this 
purpose, tri-O-ethylcycleacurine was prepared by 
treatment of the free base with methanolic diazoethane. 
The methoxyl chemical shift in this derivative v/as at r 
6.15, suggesting that it occupied one of the C-6 posi
tions.9a Cycleacurine would then have either struc
ture 18 or 19. The choice of structure 19 was based on 
the structures of the products of sodium-liquid am
monia cleavage of the triethyl derivative. The course 
of sodium-liquid ammonia reductive cleavage of curine 
derivatives is well established.13 Treatment of tri-O- 
ethylcycleacurine with sodium in liquid ammonia 
yielded only two major products, as expected. The 
phenolic product contained an O-ethyl group and could 
therefore be assigned structure 21. The nonphenolic 
product was then expected to have structure 22. That 
the nonphenolic product was 22 and not 23 or 24 fol
lowed from its spectral data. The mass spectral base 
peak corresponding to loss of the benzyl group was at 
m/e 220, indicating that the isoquinoline nucleus con
tained the methoxy group and only one ethoxyl group. 
The methoxyl chemical shift in the nonphenolic product 
was at t 6.16, clearly indicative of the C-6 location.9 
The nonphenolic cleavage product could then be as
signed structure 22 and cycleacurine structure 19.

The methanol eluate from ion exchange chroma
tography of fraction F was passed through a column of 
ion exchange resin (chloride form) and then chromato
graphed on a column of neutral alumina.

Cycleanorine (8), the least abundant of the com
pounds studied, was isolated from the later column 
fractions by preparative tic and subsequent crystal-

(12) L . J. H aynes, E . J. H erbert, and J. R . P lim m er, J .  C h e m . S o c .  C ,  

615 (1966).
(13) I . R . C . B ick  and P . S. C lezy , J .  C h e m . S o c . ,  3893 (1953).
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lization, mp 171-172°, [<*]d +308° (CHC1*). The 
molecular formula C37EUN2O6 "was advanced on the 
basis of elemental analysis and high-resolution mass 
spectrometry. The nmr spectrum showed signals cor
responding to one iV-methyl (r 7.67) and four 0-methyl 
groups (t 6.12, 6.30, 6.67, and 6.78). The close sim
ilarity of the aromatic region of the spectrum to that of 
tetrandrine (1) suggested that cycleanorine (8) might 
be a .V-demethyl analog of 1. This was confirmed by 
reductive N-methylation of 8 with formaldehyde and 
sodium borohydride,14 15 which afforded 1 in fair yield. 
The assignment of position of the IV-methyl group in 8 
follows from the presence of an ion at m/e 431 in the 
mass spectrum, which can be attributed to an ion of 
structure 13.7

The structure of cycleanorine (8) was confirmed by 
synthesis from tetrandrine (1), through the interme
diacy of the monocarbamate 9 which on alkaline hy
drolysis gave 8.16

Cycleahomine chloride (14) was also isolated by pre
parative tic of the later column fractions and purified 
by crystallization, mp 190-194°, [ a ] D  +103° (CHC13). 
The empirical formula C33H45N2O6CI was advanced on 
the basis of elemental analysis. The nmr spectrum 
showed signals corresponding to one free IV-methyl 
(r 7.63), two quaternary IV-methyl (r 6.46 and 6.70), 
and four O-methyl (r 6.06, 6.28, 6.62, and 6.70) groups. 
The pattern of the ten aromatic proton resonances was 
again almost superimposable on the spectrum of tet
randrine (1), suggesting that cycleahomine was one of 
the two possible monomethyl quaternary salts of tet
randrine. This was confirmed by conversion of cy
cleahomine chloride (14) to tetrandrine bismethiodide16 
by treatment with an excess of methyl iodide.

Monomethylation of tetrandrine with 1 equiv of 
methyl iodide did not give cycleahomine iodide but the 
isomeric compound IS, which could be distinguished 
from the natural product on the basis of its nmr spec
trum. In accord with the selective monocarbamation 
of tetrandrine noted above, quaternization of the 6,7- 
dioxygenated isoquinoline nitrogen of tetrandrine was 
evidently favored.

The compound 16, present in large amounts in the 
earlier column fractions, was purified by preparative 
tic on alumina and subsequent crystallization from 
acetone, mp 213-217°, [cx]d +  156° (CHC13), and the 
empirical formula C39H44N2O6CI2 assigned on the basis 
of elemental analysis. In the nmr spectrum signals 
corresponding to one free iV-methyl (r 7.63), one 
quaternized IV-methyl (r 6.70), and four O-methyl 
groups were apparent, together with a multiplet at r
5.4 (2 H) which could not be immediately assigned. 
Treatment with potassium ierf-butoxide and 1-pro- 
panethiol in dimethylacetamide at room temperature 
converted 16 to cycleanorine (8) in good yield, indi
cating that 16 was a derivative of tetrandrine (1) 
quaternized on the nitrogen of the 6,7-dioxygenated 
isoquinoline moiety. That the quaternizing substit
uent was in fact a chloromethyl group could be inferred 
from the empirical formula of 16. In refluxing eth-

(14) M . T om ita , K . F u jitan i, Y . M asaki, and Y . O kam oto , C h e m . P h a r m .  
B u l l . ,  16, 70 (1968).

(15) M .-M . A b d e l-M on em  and P . S. P ortoghese , J .  M e d . C h e m . ,  15, 208 
(1972).

(16) C .-K . C huang, C .-Y . H sing, Y .-S . K a o , and K .-J . C hang, C h e m .  
B e r . ,  72, 519 (1939).

anolic sodium ethoxide 16 smoothly underwent Hof
mann elimination to yield the unstable styrene 25. 
The nmr spectrum of 25 showed, in addition to the 
ABX pattern typtical of a styrene grouping [dd (1 H), 
T 2.12, Jtrans = 18, Jcis =  11 Hz J d (1 H), T 4.48, Jtrans = 
18 Hz; d (1 H), r4.82, Jc¡s =  11 Hz], an AB quartet at 
t 5.66 (Av 25 Hz, /  =  9 Hz) which can be attributed to 
the system-NCH20 -a n d  a triplet (r 8.73, J =  6 Hz) 
corresponding to the OCH2CH3 system. From the

26, R' = R2 = R3 = H
27, R1 = R2 = R3 = COCH3
28, R1 = R2 = H; R3 = CH3

31, R1 = R2 = H
32, R1 = R2 = COCH3
33, R1 = H; R2 = CH3

35
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nmr and the mass spectrum (M+ at m/e 680), it is 
apparent that the chlorine of the chloromethyl group is 
replaced by ethoxide under the conditions used for the 
elimination.

In view of the fact that tetrandrine (1) was the prin
cipal component of the alkaloidal extract of Cyclea 
peltata and of the large quantity of dichloromethane 
used in the extraction, it is perhaps not surprising that 
significant quantities of 16 were isolated. Methylene 
halides are known to react with tertiary amines to give 
quaternary ammonium salts17 and a number of alka
loids18 have been shown to give chloromethyl chlorides 
under conditions similar to those of the extraction 
procedure used in this instance. Indeed, tetrandrine
(1) was found to react very slowly with dichloromethane 
at room temperature to afford 16.

The compound 26 was purified from the appropriate 
column fractions by succcessive crystallizations from 
benzene and ethanol, mp 177-179°, [<*]d —237° 
(C H C ls). The molecular formula C 3 9H 46N 2O 8 was ad
vanced on the basis of elemental analysis and confirmed 
by high-resolution mass spectrometry. The uv spec
trum showed a maximum at 284 nm (e 12,100) and a 
bathochromic shift indicative of a phenolic chromo- 
phore was observed upon addition of sodium hydroxide. 
The nmr spectrum showed signals corresponding to 
two free M-methyl groups (t 7.64 and 7.74), three 0- 
methyl [t 6.14 (6 H) and 6.27 (3 H)] groups, and ten 
aromatic protons.

On treatment with acetic anhydride in pyridine 26 
afforded a noncrystalline triacetyl derivative 27, the ir 
spectrum of which showed bands corresponding to a 
phenolic acetate (5.70 n), an aliphatic acetate (5.78 n), 
and an acetamide (6.12 /u) group. Reductive methyla- 
tion yielded a single W-m ethyl derivative 28, indicating 
the presence of a secondary amino group in 26. Per- 
methylation of 26 with methyl iodide in methanol con
taining sodium carbonate yielded the corresponding bis- 
methiodide, which did not exhibit a base shift in the 
uv, indicating that the free phenolic hydroxyl had been 
methylated. This compound smoothly underwent 
Hofmann elimination with methanolic sodium meth- 
oxide to yield the product 29, the nmr of which showed 
signals corresponding to two quaternary fV-methyl 
groups [t 6.80 (6 H) ] and four O-methyl groups (r 6.07, 
6.18, 6.50, and 6.65) together with two one-proton 
doublets at 4.37 (J =  17 Hz) and 4.63 (J = 10 Hz) 
which could be attributed to a styrene group. The 
styrene structure of 29 suggested the presence of the 
system ArCH2CH2NHCH3 in 26. On heating with 
aqueous hydrochloric acid 26 afforded as the major 
product the stilbene 30, high-resolution mass spec
trometry of which indicated a molecular formula C 37-
h 4„n 2o 6.

Since 16 had previously been shown to be an artifact 
formed during the isolation procedure, the facile loss of 
a C 2H 60 2 unit from 26 on treatment with aqueous acid 
suggested that 26 might be regarded as having arisen 
from a monophenolic bisbenzyltetrahydroisoquinoline 
alkaloid through formal addition of glycol with con
comitant opening of an isoquinoline ring. Since

(17) (a) D . A . W righ t and C . A . W u lff, J .  O r g . C h e m ..  SB, 4252 (1970); 
(b ) H . B ohm e, M . H ilp , L . K och , and E . R itter , C h e m . B e r., 104, 2018
(1971 ) .

(18) R . Besselievre, N . L anglois, and P . P otier, B u ll , S o c .  C h im . F r . ,  1477
(1972) .

fangchinoline (2) is the only monophenolic bisbenzyl- 
tetrahydroisoquinoline alkaloid which has been isolated 
from Cyclea peltata3 in significant amounts, it is the 
most probable precursor for formation of such an arti
fact. The presence of an ion in the high-resolution 
mass spectrum of 26 corresponding to the fragment 35 
favors the structure 26 rather than that in which the
6,7-dioxygenated tetrahydroisoquinoline ring is opened.

A second artifact 31 isolated from the column frac
tion preceding that containing 26 was purified as its 
crystalline bisoxalate, which was decomposed with 
ammonium hydroxide to give the free base, mp 161- 
163°, [« ]d +174° (CHC13). The molecular formula 
CioH^l^Os was advanced on the basis of elemental 
analysis of the bisoxalate and supported by high- 
resolution mass spectrometry of the free base. The 
absence of a bathochromic shift in the uv spectrum 
[^maxH 283 nm (e 6780)] indicated that the com
pound was nonphenolic. In the nmr spectrum signals 
corresponding to two W-methyl groups (t 7.36 and 
7.42), four O-methyl (r 6.11, 6.32, 6.60, and 6.82) 
groups, and ten aromatic protons were in evidence. 
With acetic anhydride in pyridine 31 yielded a non
crystalline diacetyl derivative 32, which showed bands 
at 5.78 and 6.12 n in the ir, corresponding to an ali
phatic acetate and an acetamide group. The presence 
of a secondary amino function was again confirmed by 
reductive methylation, which gave the W-methyl 
derivative 33. Treatment of 31 with aqueous acid 
gave a crystalline product 34, the high-resolution mass 
spectrum of which suggested a molecular formula 
C38H42N20 6 (i.e., a loss of C2H60 2 from 31). That 31 
might be the O-methyl derivative of 26 was refuted by 
the dissimilarity of their respective permethylation 
products. However, the similarity of the aromatic 
region of the nmr spectrum of 31 to that of tetrandrine 
and the absence of an ion (m/e 191) in the mass spec
trum of 31 corresponding to the fragment 35 suggests 
that the compound has the structure shown, and may 
have been formed by formal glycol addition and ring 
opening of tetrandrine (1).

In view of the isolation of significant amounts of the 
artifact 16 in the extracts, it is conceivable that this is 
an intermediate in the formation of the glycol adduct 
31, the latter being formed through direct substitution 
of the quaternary nitrogen. This course is favored 
over the intermediacy of the corresponding stilbene 
which might arise by Hofmann elimination in situ, 
since Hofmann elimination has been shown to give the 
styrene 25. The formation of 26 from fangchinoline
(2) might be expected to parallel that of 31 from tet
randrine (1).

Experimental Section
Melting points were determined on a Mettler FP2 melting 

point apparatus. Values of [<*]d were obtained on a Perkin- 
Elmer PE 141 polarimeter and are approximated to the nearest 
degree. Ultraviolet spectra were determined on a Coleman 
EPS-3T recording spectrophotometer and infrared spectra on a 
Perkin-Elmer PE257 recording spectrophotometer. Nmr spec
tra were determined on a Varian HA-100 spectrometer in CDCla 
(except where otherwise noted) using tetramethylsilane as the 
internal standard. Routine mass spectra were obtained on a 
Hitachi Perkin-Elmer RMU-6E spectrometer and high-resolu- 
mass spectra on a AEI MS-9C2 mass spectrometer. Micro
analyses were carried out by Spang Microanalytical Laboratory, 
Ann Arbor, Mich. Commercially prepared tic plates (E. M.
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Reagents) were used exclusively. For preparative tic either 
aluminum oxide (type T, 1.5 X  200 X 200 mm) or silica gel 
(F-254, 2 X 200 X  200 mm) plates were used. Analytical tic 
was carried out using silica gel (F-254, 0.25 mm) plates eluted 
with NEt»-MeOH-CHCl3 (5:10:85). Organic solutions were 
routinely dried with magnesium sulfate and evaporated to dry
ness on a rotary evaporator in vacuo.

Large-Scale Extraction of Cyclea peltata.h— The ground roots of
C. pettata were extracted with isopropyl alcohol, the extract was 
filtered, and the filtrate was extracted first with heptane-toluene 
and then 0.5 N HC1. The acidic solution was adjusted to pH 8.6 
with NH4OH and extracted with CH 2CI2 and the organic layer 
was evaporated to a residue which was then partitioned between 
benzene and aqueous glycol (fraction A). On standing, fang- 
chinoline (2) precipitated from the benzene layer and was re
moved by filtration. The filtrate was evaporated to a residue 
which was extracted successively with heptane (fraction B) and 
methanol (fraction C).

Isolation of Cycleapeltine (11).— An aliquot (2 1.) of fraction C 
was evaporated to a thick syrup, dissolved in CHCls, and re
evaporated. This residue was redissolved in CHC13 (2 1.) and 
shaken with 5%  aqueous citric acid (2 1.). The aqueous phase 
was separated, shaken with CHC13 (2 1.), and allowed to stand 
for 12 hr. After separation and decantation from a large amount 
of tar, the aqueous phase was basified with ammonium hydroxide 
and extracted with CHC13 (2 X 500 ml). The CHCI3 extract was 
evaporated to yield fraction D . This was applied to an alumina 
column (2 kg, Woelm, basic, activity I) and eluted with CHC13 
until the eluent showed only traces of tetrandrine (1). The 
combined CHCI3 eluents were evaporated to a residue which was 
dissolved in acetone and boiled, and hexane was added until 
crystals began to separate. After 24 hr the crystals were 
filtered and washed briefly with acetone-hexane (1 :2). The 
solid, approximately 20 g, was stirred with EtOAc-CHCL- 
MeOH (6 :3 :1 , 200 ml) with a gradual increase in the tempera
ture until the mass of fine needles had dissolved and only a heavy 
crystalline residue of plates remained. These were filtered, 
crystallized from EtOAc, and recrystallized from EtOH-CHCL 
to give 1.30 g of cycleapeltine (11): mp232-234°; [a]26D —106° 
(c 1.0, CHCI3 ); nmr r 7.47, 7.53 (2 s, 6 H, 2NCH3), 6.07, 6.27,
6.71 (3 s, 9 H, 3 OCH3 ); mass spectrum m/e (rel intensity) 608 
(52), 381 (67), 367 (33), 191.5 (22), 191 (100); uv X **E,OH 
282 nm (e 5200).

Anal. Calcd for C37H40N2O6: C, 73.00; H, 6.57; N, 4.61. 
Found: C, 72.89; H, 6.66; N, 4.63.

Isolation of Cycleadrine (5).— An aliquot (2 1.) of fraction A 
was extracted with CHC13 (4 X 500 ml). The combined CHC13 
extracts were washed with 5%  aqueous sodium chloride (1.5 1.) 
and evaporated to a viscous syrup. The syrup obtained in the 
above manner from 10 1. of fraction A was dissolved in CHC13 
(2 1.) and shaken with 5%  aqueous citric acid (2 1.). The 
aqueous phase was separated, filtered, adjusted to pH 4.0-4.5 by 
gradual addition of ammonium hydroxide, and extracted with 
CHCI3 ( 2 X 1  1.). The aqueous phase was then adjusted to 
pH 7.0-7.5 by further addition of ammonium hydroxide and 
again extracted with CHCI3 ( 2 X 1 1 . ) .  This CHC13 extract was 
evaporated to yield approximately 8.0 g of a dark brown foamy 
residue, fraction E.

Thirty grams of fraction E were dissolved in a small amount 
of CHCI3 and applied to an alumina column (1.4 kg, Woelm, 
basic, activity I) and eluted with CHCI3 until the eluent showed 
only traces of tetrandrine (1). The column solvent was then 
changed to 1% M eOH-CIiCh and elution continued until only 
traces of fangchinoline ( 2 ) were seen in the eluate. The com
bined 1 %  M eOH-CHCl3 fractions were then evaporated to a 
residue (1 .6  g). This residue was separated by preparative tic 
on alumina using chloroform as the eluent. The faster moving 
major component (Et -—'0 .5 ) was recovered and evaporated to a 
residue. This residue was dissolved in MeOH (5  ml) and hydro- 
iodic acid (0 .8  g, 47% aqueous) was added, followed by addition 
of EtOAc (10 ml). The mixture was warmed gently on a water 
bath for 1 0  min and then stirred at ambient temperatures under 
nitrogen for 24 hr. The solid was filtered, washed briefly with 
5 %  MeOH-EtOAc, and recrystallized from aqueous EtOH to 
yield 0 .8  g of cycleadrine bishydriodide, mp 223-224°, [a ]*D  0° 
(cl.0,H2O).

Anal. Calcd for C37H40N 2O6-2 HI: C, 51.40; H, 4.90; N, 
3.24; 1,29.36. Found: 0,51.19; H, 5.21; N, 3.19; 1,29.08.

Cycleadrine bishydriodide (0.8 g) was dissolved in ammonium 
hydroxide (10 ml) and extracted with ether (4 X 10 ml). The

combined ether extracts were washed with water (2 X  10 ml), 
dried (Na^CL), and evaporated to a white residue which was 
recrystallized from acetone-hexane to give 0.5 g of cycleadrine 
(5): mp 160-162°; [<x]25d 0° (c 1.0, CHC13); nmr r 7.57, 7.75 
(2 s, 6  H, 2 NCH8), 6.12, 6.12, 6.27 (3 s, 9 H, 3 OCHa); mass 
spectrum m /e (rel intensity) 608 (64), 417 (11), 381 (80), 367 
(32), 191.5(25), 191 (100); uv X^i E,0H 282 nm (e6400).

Anal. Calcd for CnlLoNiOe: C, 73.00; H, 6.57; N , 4.61. 
Found: C, 72.97; H ,6.54; N ,4.58.

Isolation of Cycleacurine (19).— The pH 7.0-7.5 aqueous layer 
from the cycleadrine (5) isolation was made strongly basic by 
further addition of ammonium hydroxide and extracted with 
CHCI3 ( 2 X 1  1.). The CHCI3 extract was evaporated to yield 
approximately 80 g of a dark brown residue, fraction F. A 
portion of fraction F (20 g) was dissolved in MeOH (100 ml) 
and added to a 250-g ion exchange column (Dowex I-X 8 ; “ OH 
form, prepared by stirring the ion exchange resin first in 3%  
hydrochloric acid and then in 5%  aqueous potassium hydroxide 
and washing with MeOH). The MeOH solution was passed 
slowly through the column and elution was continued with MeOH 
until the eluate was colorless. Evaporation of the methanol 
eluate yielded a residue (17 g), fraction G. Then the column was 
eluted with 5%  HOAc-MeOH until the eluate was colorless. 
The acid eluate was evaporated to a residue (2.2 g), dissolved in 
water ( 2 0  ml), basified with ammonium hydroxide, and extracted 
with CHCls ( 2  X  50 ml). The CHC13 extract was evaporated 
to a residue, subjected to preparative tic, and eluted with M eOH - 
Et3N-CHCl3 (10:15:75). The major component (Ri ~ 0 .5 ) 
was recovered and dissolved in MeOH (5 ml), and hydrobromic 
acid (1.0 g, 48%  aqueous) was added followed by addition of 
EtOAc (10 ml). The mixture was warmed gently on a water 
bath for 1 0  min and then stirred at ambient temperatures under 
nitrogen for 24 hr. The solid was filtered, washed briefly with 
5%  MeOH-EtOAc, and recrystallized from aqueous EtOH to 
yield 0.25 g of cycleacurine bishydrobromide as its monohydrate, 
mp 293-296°.

Anal. Calcd for C36H 36N 206-2HBr-H 20 :  C ,55.28; H, 5.30; 
N, 3.68. Found: C, 55.57; H, 5.39; N, 3.78.

Cycleacurine bishydrobromide (0.25 g) was added to 10% 
aqueous sodium bicarbonate ( 1 0  ml) and stirred at ambient 
temperatures for 24 hr. The solid was filtered, washed with 
water, and recrystallized from acetonitrile to yield 0.18 g of 
cycleacurine as its bishydrate: mp 205-208°; [aj^D —202° (c
1.0, CH3OH); nmr (DMSO-d6) t 7.52, 7.82 ( 2  s, 6  H, 2  NCH3),
6.25 (s, 3 H, OCHa); mass spectrum m/e (rel intensity) 580 
(52), 298 (100), 297 (54), 283 (29); uv X” * ElOH 284 nm (e 6750).

Anal. Calcd for C36H 36N 20 6 -2H20 :  C, 68.40; H, 6.57; N, 
4.83. Found: C.68.30; H, 6.50; N ,4.55.

Fractionation of the Basic Alkaloids.— Fraction G (17 g) in 
MeOH (100 ml) was slowly passed through a column of Dowex
I-X 8  ion exchange resin (Cl~ form, 250 g), and the eluate was 
evaporated to a residue and column chromatographed on alumina 
(Merck neutral grade I, 410 g). Column fractions eluted with 
CHCI3 , 1-3%  MeOH-CHCla, 3%  MeOH-CHCl3, 5%  M eOH - 
CHCI3 , and 10% MeOH-CHCL were combined to give fractions 
H, J, K , L, and M , respectively.

Isolation of 16.— Fraction H was evaporated to give a brown 
residue, essentially homogeneous by tic, purification of which 
by preparative tic on alumina, using 5%  MeOH-CHCU as 
eluent, afforded a colorless solid (0.7 g) which was crystallized 
from acetone to yield fine colorless needles: mp 213-217° dec; 
[a] 25d +156° (c 0.41, CHCI3); uv XS£H 283 nm (e 7600); ir 
X£«c" 3.42, 3.54, 6.25, 6.34, 6.66 p; nmr t 2.3-4.2 (10 H, ArH),
5.40 (m, 2 H, -C H 2C1), 6.06 (br s, 6 H, 2 OCH3), 6.25 (2 s, 6 H, 
2 OCH3), 6.70 (s, 3 H, NCH3), 7.63 (s, 3 H, NCH3).

Anal. Calcd for C39H4(N20 6C12-3V2H20  : 0 ,6 1 .00 ; H, 6.64; 
N, 3.65; Cl, 9.24. Found: C, 60.99; H, 6.05; N , 3.65; Cl,
8.93.

Isolation of 31.— Fraction K  gave a brown residue (2.2 g) 
on evaporation which proved to be a mixture by tic. Preparative 
tic on alumina using 10% MeOH-CHCU as eluent afforded the 
major component (0.5 g) essentially homogeneous by tic. Treat
ment with aqueous oxalic acid and crystallization of the product 
from aqueous MeOH yielded 31 as its bisoxalate (200 mg), mp 
207-209° dec.

Anal. Calcd for C40H48N2O8-2H2C2O4-2H20 :  C, 58.66; H, 
6.22; N, 3.11. Found: C, 58.68; H, 6.27; N, 3.12.

Treatment of the oxalate (100 mg) with ammonium hydroxide 
solution, extraction with CHCI3, and evaporation of the organic 
extract gave the free base 31 (74 mg), which was crystallized from
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methyl ethyl ketone as colorless needles: mp 161-163°; [a] 25d 
+ 174° (c 1.00, CHCU); uv X»°H 283 nm (t 6780); ir x"«clJ 
3.41, 6.26, 6.33, 6.67, 8.90 nmr r 2.6-3.9 (8 H, ArH), 4.28 (s, 
1 H, ArH), 4.95 (d, 1 H, /  =  9 Hz, ArH), 6.11, 6.32, 6.60, 6.82 
(4 s, 12 H, 4 OCH3), 7.36, 7.42 (2 s, 6 H, 2 NCH3); mass spec
trum m / e  (rel intensity) 684 (100), 622 (30), 198 (25). Mass 
calcd for CioH^NiOg, 684.3408; found, 684.3349.

Isolation of 26.—Fraction L was evaporated to dryness to give 
a brown residue (1.5 g) which was redissolved in benzene (100 
ml) and on standing afforded 26 as pale yellow needles (150 mg), 
mp 151-153°.

A n a l .  Calcd for C3gH46N20s' 2C6H6: C, 74.00; H, 7.03; 
N, 3.39. Found: C, 74.33; H, 7.24; N, 3.40.

Recrystallization from EtOH gave 26 as colorless needles free 
of solvent: mp 176-178°; [«] 25d -2 3 7 ° (c 1.00, CHC13); uv 
XBl,°H 284 nm (e 12,100), shifted to 305 nm on addition of NaOH; 
ir X*„ 2.94, 3.10, 3.43, 6.25, 6.36, 6.70 nmr r 2.7-4.0 (10 H, 
ArH), 6.14 (s, 6 H, 2 OCH3), 6.27 (s, 3 H, OCH3), 7.64, 7.74 
(2 s, 6 H, 2 NCH3); mass spectrum m / e  (rel intensity) 670 (88), 
608 (65), 381 (70), 191.5 (25), 191 (100). Mass calcd for 
C39H46N208, 670.3251; found, 670.3249. Mass calcd for 
ChHi3N 02, 191.0945; found, 191.091.

A n a l .  Calcd for CmHkINLOs: C, 69.83; H, 6.91; N, 4.18. 
Found: C, 69.90; H, 6.90; N.4.11.

Isolation of Cycleanorine (8).—On evaporation fraction M 
yielded a brown gum (2.0 g), which was shown by tic to be a 
complex mixture. Preparative tic on silica gel using NEt3-  
MeOH-CHCl3 (5:10:85) as eluent gave two major bands. The 
upper band was rechromatographed on alumina using 5% MeOH- 
CHC13 as eluent to give a tic-homogeneous oil (10 mg) which 
yielded cyeleahomine chloride (14, 5 mg) on crystallization from 
MeOH. The lower band was also purified by preparative tic on 
alumina, using 10% MeOH-CHCls as eluent, to give a colorless 
residue (20 mg) which afforded cycleanorine (8,10 mg) as colorless 
needles from aqueous ethanol: mp 170-172°; [«P d +308° 
(c 0.52, CHCls); uv X®‘°B 282 nm (e 10,200); ir x£?„01* 3.42, 6.25,
6.33, 6.77 m; nmr r 2.6-3.1 (10 H, ArH), 6.12, 6.30, 6.67, 6.78 
(4 s, 12 H, 4 OCH3), 7.67 (s, 3 H, NCH3); mass spectrum m / e  

(rel intensity) 608 (55), 431 (18), 381 (80), 191 (100).
A n a l .  Calcd for C37H4oN2Oe: C, 73.00; H, 6.62; N, 4,60. 

Found: C, 72.89; H, 6.64; N, 4.61.
Isolation of Cyeleahomine Chloride (14).— The benzene 

mother liquors from the crystallization of 2 6  above were chroma
tographed on preparative alumina tic plates using 5% MeOH- 
CHC13 to afford two major bands. Extraction of the higher R t  

band gave 26 (100 mg). Extraction of the lower R i  band gave a 
yellow gum (35 mg) which gave cyeleahomine chloride (14) as 
colorless prisms (12 mg) on crystallization from CH2Cl2-EtOAc: 
mp 190-194°; [«]25» +103° (c 0.15, CHC13); X™H 284 nm («
12,000); ir X°Bcla 3.34, 3.41, 6.24, 6.32, 6.65 nmr r 2.6-4.0 
(10 H, ArH), 5.5 (m, 1 H, ArCHN+), 6.06, 6.28, 6.62 (3 s, 9 H,
3 OCHO, 6.70 (br s, 6 H, OCH3, +NCH3), 6.46 (br s, 3 H, 
+NCH3), 7.63 (s, 3 H, NCH3).

A n a l .  Calcd for C39H45N206C1: C, 69.60; H, 6.75; N, 4.20. 
Found: C, 69.18; H, 6.80; N, 4.31.

O-Methylation of Cycleapeltine (11) to O-Methylrepandine
(12).— A solution of 11 (50 mg) in CHsOH (5 ml) was treated 
with an excess of ethereal diazomethane at 0-5° for 4 days. 
Evaporation of the solution and preparative tic of the residue 
on alumina with CHC13 as the eluent yielded 12 (46 mg),8 crystal
lized from acetone-hexane: mp 208-210°; [a] “d ->-71° (c 0.48, 
CHC13); nmr r 7.43, 7.47 (2 s, 6 H, 2 NCH3), 6.05, 6.28, 6.58,
6.97 (4 s, 12 H, 4 OCH3); mass spectrum m/e (rel intensity) 
622 (52), 431 (5), 395 (55), 381 (25), 198.5 (25), 198 (100), 
175 (34), 174(20).

O-Methylation of Cycleadrine (5) to Isotetrandrine (3).—  
Treatment of 5 (40 mg) in the above manner yielded 3 (40 mg): 
mp 180-182°; [a]25D 0° (c 1.0, CHC1S); nmr r 7.41, 7.71 (2 s, 
6 H, 2 NCH3), 6.08, 6.24„6.38, 6.88 (4 s, 12 H, 4 OCH8); mass 
spectrum m/e (rel intensitv) 622 (56), 431 (6), 395 (58), 381 (26),
198.5 (28), 198 (100), 175 (40), 174 (29); identical (melting 
point, nmr, mass spectrum) with an authentic sample.8s'b

O-Methylation of Cycleacurine (19) to Di-O-methyl-Z-curine
(17).—Treatment of 19 (30 mg) in the above manner yielded 17 
(18 mg): mp 117-119°; [«]%> —265° (c 1.0, CHC13); nmr t 
7.46, 7.67 (2s , 6 H, 2 NCH3), 6.12, 6.14, 6.28, 6.31 (4 s, 12 H,
4 OCH3); mass spectrum m/e (rel intensity) 622 (48), 312 (100); 
identical in melting point, nmr, and mass spectrum with authentic 
di-O-methyl-d-curine,Sl>-12 but with opposite [«] D.

O-Ethylation of Cycleacurine (19) to Tri-O-ethylcycleacurine
(20).— Treatment of 19 (270 mg) in the above manner but with 
diazoethane yielded 20 (210 mg) which was subjected to degrada- 
tive studies without further purification: nmr t 7.35, 7.58 (2 s, 
6 H, 2 NCH3), 6.16 (s, 3 H, OCH3), 8.46, 8.65, 8.69 (3 t, 9 H, 
J  =  7 Hz, 3 OCH3CH3); mass spectrum m / e  (rel intensity) 664 
(100), 340 (76), 326 (87). Mass calcd for CuH^NjOe, 664.351; 
found, 664.356.

Sodium-Liquid Ammonia Cleavage of Tri-O-ethylcycleacurine
(20).— Tri-O-ethylcycleacurine (100 mg) was dissolved in ben
zene-toluene (2:1, 12 ml). Liquid ammonia (80 ml) was added, 
followed by sodium metal (0.3 g). The mixture was stirred for
1 hr and then allowed to warm up to ambient temperature over
night. The residue was dissolved in water (10 ml) and extracted 
with ether (6 X 10 ml). The combined ether layers were dried 
(Na2S04), evaporated to a residue, applied to two 200 X 200 X
1.5 mm alumina plates, and eluted with CHC13. Aside from a 
small residue, only two components were apparent: the nonpolar 
(nonphenolic) product and the polar (phenolic) product. These 
were recovered.

The nonphenolic product 22 resisted crystallization and was 
characterized as a pale yellow oil: nmr r 3.11 (AB quartet, 
A>> 23 Hz, 4 H, J  =  8 Hz, para-disubstituted benzene), 3.45, 3.94 
(2 s, 2 H, 1,2,4,5-tetrasubstituted benzene), 5.99, 6.20, (2 q, 
4 H, /  =  6.5 Hz, 2 OCH2CH3), 6.16 (s, 3 H, OCH3), 7.44 (s, 
3 H, NCH3), 8.54, 8.60 (2 t, 6 H, J  =  6.5 Hz, 2 OCH2CH3); 
mass spectrum m / e  (rel intensity) 355 (<0.1), 220 (100), all 
other peaks less than 5; mass spectrum (chemical ionization, 
Ar/H20 ) m / e  (rel intensity) 356 (56), 221 (100). Mass calcd for 
C22H29N 0 3 +  H+, 356.225; found, 356.223.

The phenolic product, 21, also failed to crystallize and was 
similarly characterized as a pale yellow oil: nmr r 3.27 (AB 
quartet, Ay 29 Hz, 4 H, /  =  8 Hz, para-disubstituted benzene),
3.47, 3.57 (2 s, 2 H, 1,2,4,5-tetrasubstituted benzene), 4.79 (br s,
2 H, ArOH), 5.93 (q, 2 H, J  = 6.5 Hz, OCH2CH3), 7.51 (s, 3 H, 
NCHs), 8.52 (t, 3 H, /  =  6.5 Hz, OCH2CH3) ; mass spectrum 
m / e  (rel intensity) 313 (<0.1), 206 (100), all other peaks less 
than 5; mass spectrum (chemical ionization, Ar/H20 ) m / e  (rel 
intensity) 314 (62), 207 (100). Mass calcd for Cii>H23N 0 3 +  
H+, 314.175; found, 314.176.

N-Methylation of Cycleanorine (8).—To a cooled solution of 
cycleanorine (20 mg) in MeOH (0.5 ml), aqueous formaldehyde 
(37%, 0.2 ml) was added and the solution was stirred at 5° for 
0.5 hr. Sodium borohydride (50 mg) was added cautiously over 
a further 0.5 hr, the solution was allowed to come to room tem
perature, and water (2 ml) was added. Extraction of the solu
tion with CHC13 (10 ml) and evaporation of the solvent gave a 
crystalline residue which was subjected to preparative tic on 
alumina using CHC13 as eluent. Extraction of the major band 
followed by crystallization from acetone-hexane afforded tetran- 
drine (1, 10 mg) as colorless needles, identical (tic, mixture 
melting point, ir) with an authentic sample.

Demethylation of Tetrandrine (1).— To a solution of tetran- 
drine (3 g) in dry dimethoxyethane (125 ml) an excess of methyl 
chloroformate (6 ml) was added and the mixture was left at room 
temperature for 12 hr. The solution was neutralized by addition 
of NH4OH and evaporated to dryness and the residue was sub
jected to preparative tic on silica gel using 8% MeOH-CHCl3 as 
eluent. Extraction of the major band gave the crude mono
carbamate 9, which was crystallized from CH2Cl2-EtOH as 
colorless needles (0.81 g), mp 219-220°.

A n a l .  Calcd for C39H42N20 8: C, 70.25; H, 6.35; N, 4.20. 
Found: C, 70.06; H, 6.49; N, 4.22.

The carbamate 9 (0.5 g) was dissolved in a solution of KOH 
in glycol (10%, 10 ml) and heated at 185° for 1 hr. The cooled 
solution was made acidic with aqueous HC1, basified after 5 min 
with NH4OH, and extracted with CHC13 (2 X 10 ml). Evapora
tion of the organic extract followed by preparative tic of the 
residue on alumina with 2%  MeOH-CHCl3 as eluent and subse
quent crystallization from EtOH afforded cycleanorine (8) as 
colorless needles (250 mg), mp 170-172°, identical (tic, mixture 
melting point, ir) with an authentic sample.

Tetrandrine Bismethiodide.— Cyeleahomine chloride (5 mg) 
in MeOH (0.2 ml) was treated with methyl iodide (0.1 ml) at 
room temperature for 15 hr. Evaporation of the solvent and 
crystallization of the residue from MeOH afforded tetrandrine 
bismethiodide, mp 264-268° (lit.16 mp 265-269°), identical (tic, 
mixture melting point, ir, [a] d) with an authentic sample.

Tetrandrine Monomethiodide (15).— Tetrandrine (50 mg) in 
MeOH (2 ml) was treated with methyl iodide (5 / A ) and the solu
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tion was allowed to stand at room temperature for 12 hr. Evapo
ration of the solvent, preparative tie of the residue on alumina 
with 5%  M eOH-CHCh as eluent, and subsequent crystallization 
from wet CH2Cl2-EtOAc afforded the monomethiodide 15 as 
colorless needles (10 mg): mp 208-211° dec; [<*]26d  +163° (c  
0.50, CHCls); uv x“ °H 281 nm (c 12,500); ir X™013 3.42, 6.26,
6.34, 6.68 y; nmr t  2.1-4.8 (10 H, ArH), 6.09 (br s, 6 H, +NCH3, 
OCH3), 6.26, 6.59, 6.74 (3 s, 9 H, 3 OCH3), 6.52 (br s, 3 H, 
+NCH3), 7.66 (s, 3 H, NCH3).

Anal. Calcd for C+HtsNjOrJ' H20 : C, 59.85; H, 6.05; N, 
3.58. Found: C, 60.08; H, 6.05; N, 3.59.

Dealkylation of 16.—To a solution of KO-i-Bu (1.1 g) and 1- 
propanethiol (1.1 g) in dimethyl acetamide (15 ml) was added 16 
(0.5 g) and the mixture was stirred at room temperature for 18 hr. 
The mixture was poured into 2%  aqueous HC1 (25 ml), the solu
tion was washed with ether (2 X 25 ml), and the washings were 
discarded. After heating at 80° for 5 min the solution was 
neutralized with NH4OH and extracted with ether (2 X 25 ml) 
and the ether extract was evaporated to give a yellow oil (420 mg) 
which was subjected to preparative tic on silica gel eluted with 
15% M eOH-CHCl3. The major band (Rf 0.1-0.2) afforded 
cycleanorine (8, 248 mg) as colorless needles from aqueous EtOH: 
mp 170-172°; [a]“ D +311° (c 0.52, CHC13); identical (tic, 
mixture melting point, ir, nmr) with an authentic sample.

Hofmann Degradation of 16.—A solution of 16 (100 mg) in 4%  
ethanolic NaOEt (10 ml) (prepared in situ by dissolving 100 mg 
of Na in 10 ml of EtOH) was heated at reflux for 1 hr, water (10 
ml) was added, and the solution was extracted with CHC13 
(2 X  20 ml). Evaporation of the solvent afforded a colorless 
glass (70 mg), homogeneous by tic, which quickly decomposed on 
standing: nmr t 2.12 (dd, 1 H, Ji = 18, / 2 =  11 Hz, A rC H = ),
2.6-3.8 (10 H, ArH), 4.48 (d, 1 H, /  =  18 Hz, = C H 2- ) ,  4.82 
(d, 1 H, J = 11 Hz, = C H 2- ) ,  5.54 (d, 1 H, J = 9 Hz, NCH20 ),
5.79 (d, 1 H, /  =  9 Hz, NCHaO), 6.09, 6.24, 6.58, 6.68 (4 s, 
12 H, 4 OCH3), 7.38, 7.70 (2 s, 6 H, 2 NCH3), 8.73 (t, 3 H, 
J = 6 Hz, -C H 2CH3); mass spectrum m/e (rel intensity) 680 
(3), 634 (100), 619 (60), 497 (58).

Preparation of 16.—Tetrandrine (1 g) in CH2C12 (100 ml) was 
allowed to stand for 6 days, the solvent was evaporated, and the 
residue was subjected to preparative tic on alumina, using 10% 
MeOH-CHCl3 as eluent, to afford two bands. The higher R t  

band gave starting material (0.71 g) and the lower afforded 16 
which was crystallized as colorless needles (12 mg) from EtOAc- 
isopropyl alcohol and was found to be identical (tic, mixture 
melting point, ir) with 16 isolated above.

Acetylation of 26.— To 26 (20 mg) in pyridine (0.5 ml) was 
added acetic anhydride (0.2 ml) and the solution was allowed to 
stand at room temperature for 15 hr. Water (1 ml) was added 
and the mixture was extracted with CHC13 ( 2 X 5  ml). Evapo
ration of the organic extract afforded the triacetate 27 as a color
less glass (16 mg): ir X“ r 3.43, 5.70. 5.78, 6.12, 6.23, 6.35, 8.17 
y; nmr t 2.5-4.0 (10 H, ArH), 6.11 (s, 3 H, OCH3), 6.30 (s, 6 H,
2 OCH3), 6.94 (s, 3 H, NCH3Ac), 7.68 (s, 3 H, NCH3), 7.89 (s,
3 H, OCH3), 7.94 (s, 6 H, 2 COCH3); mass spectrum m/e (rel 
intensity) 796 (30), 423 (25), 121 (100).

N-Methylation of 26.— This was carried out using the pro
cedure described in the methylation of cycleanorine (8) above, 
to afford 28 as colorless needles from aqueous EtOH: mp 199- 
201°; W 25d - 207° (c 1.00, CHCls); ir X“ r 2.95 (br), 3.43, 6.25,
6.34, 6.67 y, nmr r 2.5-2.9 (10 H, ArH), 6.10 (s, 6 H, 2 OCHs),
6.23 (s, 3 H, OCH3), 7.66 (br s, 9 H, 3 NCH3); mass spectrum 
m/e (rel intensity) 684 (100), 622 (30).

Anal. Calcd for C40Hi8N2O8: C, 70.09; H, 7.18; N, 3.96. 
Found: C, 70.15; H, 7.07; N, 4.08.

Permethylation of 26.— To a solution of 26 (140 mg) in reflux
ing MeOIi (10 ml) were added anhydrous K 2C 0 3 (100 mg) and 
methyl iodide (0.5 ml) and the solution was allowed to cool to 
room temperature. A further 0.5 ml of methyl iodide was added 
and the solution was allowed to stand for 18 hr. Evaporation 
of the solvent and trituration of the residue with water afforded 
the crude methiodide (160 mg) which was crystallized from 
MeOH as colorless prisms (142 mgi: mp 260° dec; uv X®‘a°H 
280 nm (e 14,700); ir X*Jxr 3.45, 6.26, 6.35, 6.70 y, nmr (DMSO- 
d6) r 2.9-4.3 (10 H, ArH), 6.24, 6.32, 6.62, 6.76 (4 s, 12 H, 4 
OCH3), 6.74 (s, 15 H, 5 +NCH3).

Anal. Calcd for C44H68N20 8I2-2H20 : C, 51.00; H, 6.01; 
N, 2.71. Found: C, 50.63; H, 5.88; N, 2.74.

Hofmann Degradation of Permethylated 26.— The procedure 
used was essentially that employed in the degradation of 16above.

Permethylated 26 (112 mg) afforded upon reflux with 2.5%  
methanolic NaOMe for 18 hr a mixture of products (66 mg) from 
which the styrene 29 was crystallized from MeOH as colorless 
prisms (46 mg): mp 202-204°; uv X*,°H 263 nm (« 16,200) and 
292 (8310); ir X ^r 3.44, 6.22, 6.33, 6.68 y ; nmr (CDC13-C D 3- 
C02D) r 2.5-3.4 (12 H, ArH, ArCHCH2), 4.37 (d, 1 H, J  =  
17 Hz, ArCHCH2), 4.63 (d, 1 H, J  =  10 Hz, ArCHCHO, 6.07,
6.18, 6.50, 6.65 (4 s, 12 H, 4 OCH3), 6.80 [br s, 6 H, +N(CH3)2] .

A n a l .  Calcd for C4oH46N08I-H 20 : C, 59.15; H, 5.92; N,
I. 72. Found: C, 59.36; H, 5.97; N, 1.87.

Acid Degradation of 26.— A solution of 26 (104 mg) in 10% 
aqueous HC1 (2 ml) was heated at steam bath temperature for 3 
hr, and the cooled solution was made alkaline with NH/OH and 
extracted with CHC13 (2 X 5 ml). Evaporation of the organic 
solvent and preparative tic of the residue on alumina using 20%  
MeOH-CHCl3 as eluent gave the stilbene 30 (35 mg), which was 
crystallized from MeOH as colorless prisms: mp 167-171°; 
uv x r ,"  281 nm (c 2800); ir 3.43, 6.26, 8.95, 11.80 y ,  nmr r
2.5-3.9 (12 H, 10 ArH, 2 = C H -), 6.06, 6.20, 7.12 (3 s, 9 H, 
3 OCHj), 7.48, 7.70 (2 s, 6 H, 2 NCH3); mass spectrum m/e 
(rel intensity) 608 (100), 191 (35). Mass calcd for C37H4oN206, 
608.289; found, 608 .288.

A n a l .  Calcd for C3-H40N2O6-VsMeOH: C, 72.10; H, 6.74;
N, 4.49. Found: C, 71.74; H, 7.06; N, 4.70.

Acetylation of 31 .•—This was carried out in an identical manner 
with that of 26 above, and 31 (20 mg) yielded the diacetate 32 
(12 mg) as a colorless glass: ir X™( 3.60, 5.80, 6.05, 8.95 y ; 
nmr r 2.6-4.0 (8 H, ArH), 4.9 (m, 2 H, ArH), 6.11, 6.34, 6.55,
6.76 (4 s, 12 H, 4 OCH3), 7.78, 7.88 (2 s, 6 H, 2 NCH3), 8.06,
8.08 (2 s, 6 H, 2 COCH3); mass spectrum m/e (rel intensity) 
768(100).

N-Methylation of 31 .— This was carried out using the procedure 
described in the methylation of cycleanorine (8) above. Thus 
the bisoxalate of 31 (400 mg) yielded 33 (291 mg) as colorless 
needles from EtOH: mp 170-171°; [«[“ d +180° (c 1.00, 
CHC13); uv XS,°H 282 nm (e 8000); ir X™r 3.42, 6.33, 7.87, 8.91 
y ;  nmr t 2.6-3.8 (8 H, ArH), 4.14 (s, 1 H, ArH), 4.86 (d, 1 H, 
J  =  8.5 Hz, ArH), 6.05, 6.19, 6.55, 6.72 (4 s, 12 H, 4 OCH3),
7.30 (s, 3 H, NCH3), 7.60 [s, 6 H, N(CH3)2]; mass spectrum 
m / e  (rel intensity) 698 (100), 636 (48).

A n a l .  Calcd for C4iH6„N20 8: C, 70.46; H, 7.21; N, 4.01. 
Found: C, 70.22; H, 7.19; N, 4.06.

Permethylation of 31.— This was carried out in a similar man
ner to the permethylation of 26 above. Compound 31 (50 mg) 
afforded the corresponding bismethiodide (40 mg), which crystal
lized from MeOH as colorless prisms: mp 225-227° dec; 
uv X®°H 281 nm (e 2460); ir xS( 3.43, 6.27, 6.34, 8.98 y ,  nmr 
(DMSO-de) t  1.80 (s, 1 H, ArH), 2.33 (m, 1 H, ArH), 5.80 (m, 
1 H, ArH), 3.0-3.7 (5 H, ArH), 4.12 (m, 1 H, ArH), 5.10 (m, 
1 H, ArH), 6.12, 6.16, 6.48, 6.65 (4 s, 12 H, 4 OCH3), 6.60 (s, 
15 H, 5 NCH3+).

A n a l .  Calcd for C44H68N20 8I2-2H20 : C, 51.00; H, 6.01;
N, 2.71. Found: C 51.30; H, 5.93; N, 2.74.

Acid Degradation of 31.—The bisoxalate of 31 (50 mg) in 15% 
aqueous HC1 (2 ml) was heated at steam bath temperature for
O. 5 hr. The solution was allowed to cool, made alkaline with 
NH4OH, and extracted with ether. Evaporation of the solvent 
and preparative tic of the residue on alumina, using 10% MeOH- 
CHC13 as eluent, afforded the stilbene 34, which was crystallized 
from MeOH as colorless needles (26 mg): mp 125-127°; uv 
X®‘°H 290 nm (e 1750), 325 (1590); ir x“£  3.60, 6.18, 13.85 y ,  

nmr r 2.6-3.6 (9 H, ArH), 2.98 (s, 1 H, ArH), 6.08, 6.73 (2 s, 
6 H, 2 OCH3), 6.19 (s, 6 H, 2 OCH3), 7.40, 7.46 (2 s, 6 H, 2 
NCH3); mass spectrum m/e (rel intensity) 622 (100), 174 
(10).

Registry No.—1, 518-34-3; 3, 477-57-6; 5, 38769-
07-2; 5 2HI, 38906-65-9; 8, 38769-08-3; 9, 38849-79-5;
II, 38849-80-8; 12, 4021-17-4; 14, 38849-82-0; 15, 
38849-83-1; 16, 38769-09-4; 17, 1812-55-1; 19, 38849-
84-2; 19 2HBr, 38769-11-8; 20, 38769-12-9; 21, 38769-
13-0; 22, 6681-71-6; 26, 38769-15-2; 26 methiodide, 
38849-85-3; 27, 38769-16-3; 28, 38769-17-4; 29, 38769-
18-5; 30, 38769-19-6; 31, 38769-20-9; 31 dioxalate, 
38769-21-0; 31 dimethiodide, 38769-22-1; 32, 38769- 
23-2; 33,38769-24-3; 34,38849-86-4.
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The Isolation and Structural Elucidation of Liatrin, 
a Novel Antileukemic Sesquiterpene Lactone from Liatris chapmanii1

S. M orris K upch an ,* V iv ia n  H. D av ie s , T etsuro  F u jita , M ichael  R. C o x , 
R oderic J. R estivo , and R obert  F. B ryan

D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  V i r g i n i a ,  C h a r l o t t e s v i l l e ,  V i r g i n i a  2 2 9 0 1  

R e c e i v e d  D e c e m b e r  1 9 ,  1 9 7 2

The isolation and structural elucidation of liatrin, a novel sesquiterpene lactone from L i a t r i s  c h a p m a n i i ,  are 
reported. Liatrin has significant antileukemic activity in mice and possesses the unusual germacranolide c i s , c i s -  

diene structure 1. Reduction of liatrin with sodium borohydride gave the diol 5, which was converted to a 
crystalline mono-o-bromobenzoate ( 6 ) .  X-Ray crystallographic analysis of 6 established the structure of diol S. 
In the light of the structure of S, chemical and spectral evidence was adduced in support of structure 1 for liatrin.

In the course of a continuing search for tumor in
hibitors of plant origin, we found that chloroform ex
tracts of Liatris chapmanii (Compositae)2 3 showed signif
icant inhibitory activity in vitro against cells derived 
from human carcinoma of the nasopharynx (KB).8 A 
preliminary communication4 5 outlined the structural 
elucidation of liatrin. It is the purpose of this paper to 
present in detail the isolation and the structural elucida
tion of the active constituent, liatrin (1).

Fractionation of the chloroform extract (Chart I) was 
guided by assay against KB to give the most active 
fraction.6 * Activity was concentrated in the benzene- 
soluble fraction upon trituration with benzene. Parti
tion of this fraction between acetonitrile-hexane con
centrated the activity in the acetonitrile fraction. 
Rapid elution chromatography of the acetonitrile-sol
uble material on a deactivated alumina column with 
benzene-ethyl acetate (3:1, saturated with water) 
yielded two active fractions (G and H) which were com
bined and crystallized from cyclohexane-methylene 
chloride to afford liatrin (1). While the isolation of the 
active principle was guided by assay against KB, 
liatrin also showed significant in vivo antileukemic 
activity.8,6

Liatrin (1) was assigned the molecular formula 
C22H26O8 on the basis of elemental analysis and high- 
resolution mass spectrometry (Table I). The presence

T a b l e  I

Compd Ion Calcd mass Found mass
1 C22H26O8 418.162 418.164

C15H16O4 260.104 260.104
C7Hc0 3 141.055 141.057

5 c 15h 19o4 263.128 263.128
C5H70 83.049 83.049

(1) (a) T u m or Inhibitors. L X X X V I .  P a rt L X X X V :  S. M . K u p - 
chan, M , M aruyam a, R . J. H em ingw ay, J. C . H em ingw ay, S. Shibuya, and 
T . F u jita , J .  O r g . C h e m .,  in  press, (b ) Th is investiga tion  was supported  
b y  grants from  the N ation a l C ancer In stitu te  (C A -11718 and C A -11760) 
and the A m erican  C ancer S oc ie ty  (IC -5 7 ), and a  con tra ct w ith  the D iv ision  
o f  C ancer T reatm ent, N ation a l C ancer In stitu te  (N IH -N C I-C -7 1 -2 0 9 9 ).

(2) W h ole  p lant was gathered in  F lorid a  in  Septem ber 1964. T h e authors 
acknow ledge w ith  thanks receipt o f  the dried p lan t m aterial from  D r. R o b 
ert E . P erdue, Jr., U . S. D epartm en t o f  A gricu ltu re  (U S D A ), B eltsville, 
M d ., in accordance  w ith  nhe program  deve lop ed  w ith  the U S D A  b y  the N a
tion al C ancer Institu te.

(3) C y to to x ic ity  and i n  v iv o  in h ib itory  a c t iv ity  w ere assayed under the 
auspices o f  th e  N ation a l C ancer In stitu te  b y  the procedures described  in 
C a n c e r  C h e m o th e r .  R e p . ,  2 5 ,  1 (1962).

(4) S. M . K u pch an , V . H . D avies, T . F u jita , M . R .  C ox , and R . F . B ryan , 
J .  A m e r .  C h e m . S o c . ,  93, 4916 (1971).

(5) C y to to x ic ity  was assayed b y  differential agar diffusion b y  P rofessor 
D . Perlm an, U niversity  o f  W isconsin ; c f .  J .  P h a r m .  S c i . ,  58, 633 (1969).

(6) L iatrin  show ed significant antileu kem ic a ctiv ity  against the P -388
lym p h ocytic  leukem ia in  m ice, and cy to to x ic ity  (EDeo) against K B  cell
culture at 1.5 p g /m l.

of high-intensity end absorption in the ultraviolet 
spectrum, bands at 5.67 and 6.03 p in the infrared 
spectrum, and signals at r 4.31 (d, J =  2.3 Hz) and
3.70 (d, J =  2.3 Hz) in the nmr spectrum of 1 sug
gested the presence of an a-methylene-y-lactone group. 
The infrared spectrum also indicated the presence of 
free hydroxyl (2.92 p), acetate (5.76 and 7.86 p), and 
a,/S-unsaturated ester (5.84 p) groupings. Further
more, the nmr spectrum showed a sharp one-proton 
singlet at r 7.24 (exchangeable with D20 ) and a three- 
proton singlet at r 7.94 corresponding to the hydroxyl 
and acetate methyl protons, respectively. The failure 
of 1 to undergo acetylation on treatment with acetic an
hydride-pyridine suggested that the hydroxyl group 
was tertiary, and the one remaining oxygen atom in the 
molecular formula was assumed to be involved in an 
ether linkage. Further examination of the chemistry 
and spectra of liatrin (1) indicated that the tertiary 
hydroxyl and ethereal oxygen functions were present in 
the form of a cyclic hemiketal (see below).

1, R = OH; R' = Ac
2, R = OH; R' = H
3, R = OH; R' = COCH2Br
4, R = H; R' = Ac

CH2CH3

5, R = H
6, R  =  o -b ro m o b e n zo y l
7 ,  R  =  p -b rom ob en zoy l

HOH2C

h o 2c  c h 3

8

Reduction of liatrin with sodium borohydride gave 
the crystalline diol 5, which on treatment with o-bromo
benzoyl chloride gave the crystalline mono-o-bromo
benzoate derivative 6. The structure, stereochem
istry, and absolute configuration of 6, and therefore of
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C h a r t  I

F r a c t i o n a t i o n  o f  t h e  C y t o t o x i c  E x t r a c t  f r o m  L .  c h a p m a n i i  

Concentrated chloroform extract from 

L .  c h a p m a n i i

A, 150 g

benzene trituration

benzene-soluble B 

125 g

benzene-insoluble C 

25 g

partition between acetonitrile and hexane

treatment with Norit

hexane solubles D

60 g

acetonitrile solubles E 

60 g

deactivated alumina 
chromatography

fractions F-L

5, were determined unequivocally by X-ray crystal
lographic analysis.7

A view of the molecular structure found in the crys
tal is shown in Figure 1. Bond lengths and bond 
angles in the molecule are shown in Figure 2, as are the 
torsion angles defining the conformations of the five- 
and ten-membered rings.

The estimated standard deviations in the parameters, 
calculated from the elements of the least-squares 
matrices by the method of Hcdgson and Rollett,8 lead 
to estimated standard deviations in bond lengths of 
C -C  0.035, C -0  0.025, and C-Br 0.016 A, and in bond 
angles of not more than 2°, except for quantities in
volving the poorly defined terminal atoms C-33 and 
C-34, where the uncertainty is greater by a factor of at 
least 2.5. C-33 and C-34 appear quite clearly, but with
reduced peak height, in normal electron-density maps, 
and in difference electron-density maps calculated with 
phases from which the contribution of the two atoms 
has been excluded the only structurally significant 
peaks are at the locations of the atoms. However, 
their thermal parameters, B =  12.0 A,2 are much 
higher than those of the other atoms, and imply a sub
stantial amplitude of vibration for each atom about its 
mean position. Because of this, C-33-C-34 is anom
alously short, and the assumption of single-bond char
acter rests also on chemical evidence.

Within these limits, the observed bond lengths have 
normal values. The valence angles within the ring of 
of the sp8-hybridized carbon atoms of the ten-membered 
ring show the expected increase over the regular tetra
hedral angle,9 the mean value being 114.8°. The mean

(7) P osition a l param eters defining the crysta l structure, the anisotrop ic 
therm al param eters o f  the atom s, and the observed  and ca lcu la ted  structure 
am plitudes w ill appear fo llow in g  these pages in  the m icrofilm  ed ition  o f  
this vo lu m e  o f  the journal. Single cop ies m ay be  ob ta ined  from  the B usi
ness O perations Office, B ook s  and Journals D iv is ion , A m erican  C hem ical 
S ociety , 1155 Sixteenth St., N .W ., W ash ington , D . C . 20036. R em it  ch eck  
or  m on ey  order fo r  $3.00 for  p h o to co p y  or $2.00 for m icrofiche, referring to  
cod e  num ber JO C -73-1853.

(8) L. I . H odgson  and J. S. R o lle tt , A c ta  C rysta llogr ., 16, 329 (1963).
(9) R . F . B ryan  and J. D . D u n itz , H elv . C h im . A c ta ,  43, 3 (1960).
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correspond to the structural formula given in the text. Oxygen 
atoms are represented by double circles, and the bromine atom by 
the larger circle.

Figure 2.— Bond lengths and angles and torsion angles in the 
o-bromobenzoate 6.

of the observable extra-ring sp3 angles is correspond
ingly reduced to 107.7°. The angle C-2-C-1-C-10 is 
greatly increased over the expected value for an sp2 
valence angle, presumably to relieve stress from the 
close approach of the hydroxyl group at C-10 to the
hydrogen atoms at C-3 and C-7. Tables II and III
show intra- and intermolecular contacts in the crystal.

T a b l e  II
S e l e c t e d  I n t r a m o l e c u l a r  C o n t a c t s  ( Â )  w i t h i n THE

T e n - M e m b e r e d  R i n g

C-l • ■ ■ C-6 3.28 C-3- -•C-10 3.28
C-2 • • • C-5 3.07 C-3- ••0-26 2.97
C-2 • • • C-6 3.16 C-4- • - C-7 3.27
C -3 -■-C-6 3.08 C-6- ■ - C-9 3.12
C-3- • -C-7 3.33 C-7-

*
• - C-10 3.17

T a b l e  III
S h o r t e r  I n t e r m o l e c u l a r  A p p r o a c h  D i s t a n c e s ( A ) «

Br- • -C-91 3.92 C-9 - ■-0-1911 3.47
Br- • -0-281 3.59 0-14- • ■ 0-26IV 2.80
Br - ■ -C-311 3.98 C-15- • ■ 0-171 3.43
C-l - ■ -0-1911 3.47 C-22- • • O-30v 3.40
C-2 ■ • • C-1511 3.71 C-23- • ■ O-30v 3.48
C-2- ■ -0-2611 3.50 C-27- • • 0-32VI 3.79
C-5- • - C-15111 3.73

“ Contacts are between the first atom at x ,  y ,  z  and the second 
atom in the symmetry-related position denoted by the Roman 
superscript: I =  x  -  0.5, 1.5 -  y ,  1 -  z ;  II =  0.'5 +  x ,  1.5 -  y ,  

1 — z ;  III =  0.5 +  x ,  1.5 — y ,  — z ;  IV =  x ,  y ,  z  — 1; V =  1 — 
x ,  y  — 0.5,1.5 — z ;  VI =  z, y ,  1 +  z .

With the X-ray-defined structure of 6 (and hence of
5) in hand, liatrin could now be shown to have the un
usual germacranolide cfs,cfs-diene structure 1 by



Liatrin, Antileukemic Sesquiterpene Lactone J . Org. Chem., Vol. 38, No. 10, 1978 1855

Table IV
Nuclear M agnetic Resonance Data for Liatris chapmanii Derivatives“

C om pd C -l C-2 C -3 C -5 C -6 C -7 C -8 C -9
Liatrin (1) 3 .6 4  

d  (5 .6 )
4 .2 1  
d (5 .6 )

4 .3 5  dd  
(1 .5 , 6 .5 )

4 .1 2
m

6 .5 3
m

4 .7 8
t  (3 .5 )

7 .6 3  
d  (3 .5 )

D eacety l- 
liatrin (2)

3 .5 7  
d  (5 .4 )

4 .2 1  
d (5 .4 )

4 .3 4
d d 6

4 .0 3
m

6 .5 0
m

4 .7 9  
t  (3 .6 )

7 .5 9  
d  (3 .6 )

B rom o
acetate 3

3 .6 5  
d  (5 .6 )

4 .2 0  
d (5 .6 )

4 .3 8
dd6

4 .1 5
m

6 .5 5
m

4 .8 0
t (3 .5 )

7 .6 5
d  (3 .5 )

D eoxyliatrin
(4)

4 .2 6  dd  
(1 .5 , 6)

3 .9 2  dd  
(2 .5 , 6)

4 .8 9  dd  
(1 .5 , 2 .5 )

4 .3 6
m

3 .9 0
m

6 .4 0  dt 
(2 .4 , 4 .4 )

4 .7 6  
t  (4 .0 )

7 .6 4  
d  (4 .0 )

D eoxyliatrin
(4)c

4 .7 3  dd  
(1 .5 , 6)

4 .1 8  dd  
(2 .5 , 6)

5 .2 0
m

4 .5 2
br d (6 .5 )

3 . 7 8 b 
m

6 .5 8
m

4.8*’ 7 .9 0
m

C - l l

D io l  5 7 .3 7
quintet

(7 .5 )

C-13
4 .3 1
d (2 .3 )

3 .7 0
d  (2 .3 )  
4 .2 7  
d  (2 .0 )

3 .6 9  
d  (2 .0 )
4 .3 1
d  (2 .0 )

3 .7 1

d  (2 .0 )
4 .3 2
d  (2 .4 )

3 .7 2

d  (2 .4 )  
3 .7 9  
d  (2 .5 )

4 .8 1
d  (2 .6 )  
8 .9 1  
d  (7 .5 )

C -14 C -15 Side chain O ther
8 .6 1 8 .0 9 3 .5 1  q (7) 7 .2 4  s

s m 5 .3 6  A B  q 
(12)

7 .9 4  s O A c 
7 .9 7  d  (7)

C-3 O H

8 .5 4 8 .0 5 3 .6 0  q (7)
8 br s 5 .8 1  A B  q 

(12)
7 .9 7  d  (7)

8 .6 2 8 .1 1 3 .4 4  q  (7) 7 .3 7
8 br 8 5 .2 8  A B  q 

(12)
C -3 O H

8 .7 1 8.10 
br s

8 .5 0  8 .1 4

8 .5 0  8 .1 4

6 .0 9  s 
(CHjBr)

7 .9 4  d  (7) 
3 .5 1  q (7)
5 .3 4  A B  q 

(12)
7 .9 0  s 

(O A c)
7 .9 0  d  (7)
3 .9 4  q (7)
5 .3 4  A B  q 

(12)
8 .0 2  d  (7)

3 .9 4  br s 
4 .4 5  br s

N o  exchange
ab le signal

7 .7 5  q
(7 .5 )

8 .9 5  t
(7 .5 )

“ Values are given in t units relative to tetramethylsilane as internal standard. Multiplicity of signals is designated as follows: s, 
singlet; d, doublet; dd, doublet of doublets; t, triplet; q, quartet; m, multiplet; br, broad. Numbers in parentheses denote coupling 
constants in hertz. 6 11 Pattern obscured by other signals. c Measured in deuteriobenzene.

careful analysis of its chemical and spectral properties 
as described below. Liatrin (1) gave on acid hydrolysis 
an amorphous deacetylated product 2 which was re
converted to 1 on acetylation and could also be con
verted to a crystalline bromoacetate 3. Alkaline hy
drolysis of 1 gave sarracinic acid (8),10 41 identified by 
comparison of infrared spectra, melting point, and 
mixture melting point with those of an authentic 
sample.12

Closer examination of the nmr (Table IV) and mass 
spectra of liatrin (1), the deacetylation product 2, and 
the bromoacetate 3 indicated that 1 contained an 
acetylsarracinate ester moiety. For example, decou
pling experiments on 1 revealed that a methyl proton 
doublet at r 7.97 (J =  7 Hz) was coupled to a one- 
proton quartet at r 3.51 (J = 7 Hz). In addition, the 
chemical shift of the methylene group centered at t 
5.36, 5.81, and 5.28 in the nmr spectra of 1, 2, and 3, 
respectively, showed that the acetyl group in 1 was at
tached to the hydroxyl group in the sarracinate ester. 
Additional corroboration of these results was found in 
the mass spectrum of 1, which contained a large peak at 
m/e 141, shown by high-resolution mass spectrometry 
to be due to the presence of the C 7H 9O 3 ion, whereas the 
mass spectrum of the bromoacetate 3 displayed a large 
double peak at m/e 221 and 219 (CyHg0381Br, C7H8- 
0 379Br). Finally, the presence of a peak in the high- 
resolution mass spectrum of 1 at m/e 260 corresponds to

(10) C . C . J. C u lven or and T . A . G eissm an, J .  O r g .  C h e m ., 26, 3045 
(1961).

(11) J. D . E dw ards. Jr., T . M atsu m oto , and T . H ase, J .  O r g . C h e m .,  32, 
244 (1967).

(12) The authors are in debted  to  D r. J. D . E dw ards, Jr., for a generous 
sam ple o f  authen tic sarracin ic acid.

loss of acetylsarracinic acid from the molecular ion at 
m/e 418 and thus is representative of the sesquiterpene 
nucleus of 1 .

The high-resolution mass spectrum of the borohy- 
dride reduction product 5 displayed peaks at m/e 263 
and 83 due to the C15H19O4 (sesquiterpene nucleus) and 
C 5H 7 O (a-ethylacrylium) ions, respectively. This in
dicated that the acetylsarracinate side chain of 1 had 
undergone reductive elimination to give the a-ethyl 
acrylate group of the diol 5. Accordingly, the nmr 
spectrum of 5 revealed signals attributable to an ethyl 
group at t 8.95 (3 H, t, J =  7.5 Hz) and 7.75 (2 H, q, 
J =  7.5 Hz), and a terminal methylene group at r 3.94 
and 4.45.

Treatment of liatrin (1) with dimethylamine borane 
afforded an oily deoxy compound 4, whose molecular 
formula, C22H26O7, was assigned on the basis of mass 
spectrometry. The nmr spectrum of 4 was similar to 
that of liatrin (1), except that an AB type pattern at r
3.64 (d, J =  5.6 Hz) and 4.21 (d, J =  5.6 Hz) in the 
spectrum of 1 was replaced by an A B X  pattern at t
3.92 (d, d, /  =  2.5, 6 Hz), 4.26 (d, d, /  =  1.5, 6 Hz), 
and 4.89 (d, d, J =  1.5, 2.5 Hz) in the spectrum of 4. 
Accordingly, the signals at r 3.92 and 4.26, on irradia
tion at r 4.89, collapsed to a pair of doublets (J =  6 
Hz). In addition, 4 contained no D 20-exchangeable 
protons. These facts suggested that the tertiary hy
droxyl group of 1 had been replaced by a methine hy
drogen in 4. The low chemical shift (r 4.89) indicated 
that the methine hydrogen was probably attached to an 
ethereal carbon atom. The ease of replacement of the 
tertiary hydroxyl group of 1 by a hydrogen on treat
ment with dimethylamine borane, and the formation of 
the diol 5 on treatment of 1 with sodium borohydride,



are indicative of the presence of a hemiketal function in
1.

Further evidence for the structure of 1 could be 
gained from the nmr spectrum of 4 in benzene-^ so
lution. Irradiation at r 5.20, corresponding to the 
chemical shift of the methine hydrogen, collapsed a 
doublet of multiplets centered at r 4.52 (J =  6.5 Hz) 
to a broad doublet, which could thus be assigned to the 
C-5 vinyl hydrogen. Consequently, the tertiary hy
droxyl group in 1 and the new methine hydrogen in 4 
could now be located at C-3 between the two olefinic 
bonds.

The crystalline diol 5 obtained from liatrin (1) on 
treatment with sodium borohydride in ethanol re
quires further comment. The presence of two hy
droxyl groups in 5 was evident from the ready forma
tion of both the mono-o-bromobenzoate 6 and the 
mono-p-bromobenzoate 7 derivatives, which, from their 
spectral characteristics, clearly contained one tertiary 
hydroxyl group. Three-proton singlets at r 8.14 and
8.50 in the nmr spectrum of 5 indicated the presence of 
a vinyl methyl and a methyl attached to a carbon 
bearing oxygen, respectively. Consequently, one of the 
two tertiary methyl groups could be located in the 
sesquiterpene skeleton of 5, geminal with a tertiary 
hydroxyl group. The appearance of a doublet at r 
8.91 (3 H, J =  7.5 Hz) and an apparent quintet at r
7.37 (1 H, J — 7.5 Hz) in the nmr spectrum of 5, which 
were shown to be coupled, indicated that reduction of 
the a-methylene-y-lactone had occurred.

Examination of the high-resolution nmr spectrum of 
liatrin made possible elaboration of complete structure 
1 . An AB quartet signal at r 3.64 (d, J =  5.6 Hz) and
4.21 (d, J =  5.6 Hz) indicated the existence of an iso
lated cis double bond. Since this system was not cou
pled to any other protons, and appeared as part of an 
ABX system in the deoxy derivative 4, it could be as
signed to the C -l and C-2 vinyl hydrogens, respec
tively. Chemical evidence had suggested the presence 
of a cyclic hemiketal, which on reduction with sodium 
borohydride gave the diol 5. Clearly, from the X-ray 
derived structure of 5 the hemiketal in 1 must be in the 
form of a dihydrofuran. This was supported by the 
coupling constant for the C-l, C-2 vinyl hydrogens 
(5.6 Hz), which was in close agreement with that of un
saturated pentafuranosides described by Lemieux, 
et al.u A three-proton singlet at t 8.61, indicative of a 
methyl group on carbon bearing oxygen, was then as
signed to the C-10 methyl group.

Irradiation at r 6.53 (1 H, m) caused the pair of 
doublets at r 4.31 and 3.70 (each 1 H), previously as
signed to the C-13 protons, to collapse to singlets.14 
The t 6.53 multiplet could then be assigned to the C-7 
proton. In addition, irradiation at r  6.53 caused the 
multiplet at r 4.12 (1 H) to collapse to a broad doublet. 
The same multiplet at r 4.12 was collapsed to a doublet 
of doublets upon irradiation at r  8.09 (3 H, br s). 
Thus the r 4.12 signal could be assigned to the C-6 
proton and the t 8.09 signal to the C-4 methyl protons. 
Furthermore, irradiation of the C-4 methyl group 
caused a doublet of doublets at r  4.35 (1 H, J =  6.5,
1.5 Hz) to collapse to a doublet (</ =  6.5 Hz), which 
could thus be assigned to the C-5 vinyl proton.

(13) R . M . Lem ieux, K . A . W atanake, and A . A . P avia , C a n .  J .  C h e m .,  
47, 4413 (1969).

(14) Z . Sam ek, T e tr a h e d r o n  L e t t . ,  671 (1970).
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To complete the nmr assignments in 1 it was found 
that a two-proton doublet at r 7.63 (./ =  3.5 Hz) was 
coupled to a one-proton triplet at r 4.78 (J = 3.5 Hz), 
allowing assignment of these signals to the C-9 meth
ylene and C-8 methine protons, respectively. The for
mation of the diol 5 and the deoxy compound 4 from 1 
on treatment with sodium borohydride and dimethyl- 
amine borane, respectively, can be explained as having 
involved reduction of the hemiketal in I.

The X-ray analysis of the o-bromobenzoate 6 estab
lished the stereochemistry as C-l, C-2, cis; C-3, S; C-4, 
C-5, cis; C-8, R; and C-10, S; the 7 -lactone ring was 
found to be trans-fused to C-6, C-7.

Experimental Section
Melting points were determined on a Kofler block or a Mettler 

Model FP2 hot stage, and are corrected. Ultraviolet absorption 
spectra were determined on Beckman Model DK-2 and Coleman 
Hitachi Model EPS-3T recording spectrophotometers. Infrared 
spectra were determined on Beckman Model IR-9, Perkin-Elmer 
Model 257, and Perkin-Elmer Model 337 recording spectro
photometers. Nuclear magnetic resonance spectra were deter
mined on a Perkin-Elmer Model R-20 spectrometer at 60 M e / 
sec and on a Varian HA-100 spectrometer in deuteriochloroform 
solution with tetramethylsilane as an internal standard. Mass 
spectra were obtained from Hitachi Perkin-Elmer M odel RM U- 
6A (RM U-6E) and AEI Model MS-902 spectrometers. Values 
of [a]D were determined on a Perkin-Elmer Model 141 automatic 
polarimeter. Microanalyses were carried out by Spang Micro- 
analytical Laboratory, Ann Arbor, Mich. Thin layer chroma
tography (tic) was carried out on precoated plates supplied by
E. Merck. The tic-solvent system most commonly used was 
benzene-ethyl acetate-isopropyl alcohol (85:10:5, system A). 
Tic plates were visualized with a mixture of concentrated sulfuric 
acid-25% vanillin in absolute ethanol (5 :1 ). Evaporations 
were carried out at reduced pressure at less than 40°.

Isolation Procedure.—The dried ground roots, stems, leaves, 
and flowers (1.15 kg) of L. chapmanii were continuously extracted 
with chloroform in a Soxhlet apparatus for 48 hr and the chloro
form extract was evaporated under reduced pressure to yield a 
dark green residue (A, 150 g). Fraction A was triturated with 
benzene (2.5 1.) for 8 hr and filtered, and the residue was again 
triturated with benzene (1 1.). The combined benzene extracts 
were evaporated to yield a dark brown gum (B, 125 g), which 
contained most of the KB activity present in the chloroform 
extract. Fraction B was partitioned between acetonitrile (11 .) 
and hexane (1 1.). The acetonitrile layer was again extracted 
with hexane (4 X 750 ml) and the combined hexane layers were 
evaporated to give a green oil (D , 60 g). The acetonitrile layer 
was treated with Norit (20 g), and filtered to give a brown solu
tion which was evaporated to yield a gum (E, 60 g). Fraction E 
showed significant KB activity. The acetonitrile solubles (E, 
60 g) were chromatographed on 3 kg of Woelm neutral alumina 
(activity I )  deactivated by the addition of 60 ml of distilled 
water. The column was packed in benzene saturated with water 
and eluted with benzene-ethyl acetate (3 :1 , saturated with 
water). A very fast flow rate (3.5-4 l./h r) was employed. 
Fractions were collected as follows: F (6 1., 1.4 g), G (4 1., 2.9 
g), H (4 1., 2.6 g), I (3 1., 0.9 g), J (6 1., 1.6 g), K  (7 1., 6.7 g), 
and a methanol wash L (8 1., 20.9 g). Tic examination of these 
fractions on a silica gel plate showed that liatrin (1) (which gave 
an orange spot with the spray reagent described) was concen
trated in fractions G and H. These fractions were combined and 
crystallized from methylene chloride-cyclohexane to give liatrin 
(1, 1.8 g) as colorless needles, mp 129-131°. Recrystallization 
from the same solvent gave material with mp 130-132°; [a] 24-6d 
— 142.0° (c 1.93, chloroform); uv XEt0H end absorption, 220 nm 
(<• 19,420); ir 2.92, 3.37, 5.67, 5.76, 5.84, 6.03, 7.81, 8.67, 
and 9.71 g; mass spectrum m/e (rel intensity) 418 (< 1 ), 260 (6), 
259 (12), 141 (30), 99 (20), 79 (15), 81 (70), 69 (15), 53 (16), 
and 43 (100).

Anal. Calcd for Cnl̂ uO»: C, 63.15; H, 6.26. Found: 
0 ,63 .21 ; H, 6.22.

Sodium Borohydride Reduction of Liatrin (1 ).—Sodium boro
hydride (1.30 g) was gradually added over a period of 1 hr to a 
stirred solution of 1 (403 mg) in ethanol at —60 to —50°, and

K upchan, D avies, Fujita, Cox, R estivo, and Bryan



then the bath temperature was kept at —20 to —5° for 3 hr. 
The mixture was poured into ice cold 5%  hydrochloric acid (200
ml) to decompose excess reagent, then extracted with methylene 
chloride (3 X  50 ml). The combined organic layers were washed 
with water, dried over sodium sulfate, and evaporated to give a 
gum (386 mg). The gum was crystallized from methylene chlo
ride-cyclohexane to give 284 mg of diol 5, which was purified by 
preparative thin layer chromatography and recrystallization 
from methylene chloride-cyclohexane to give colorless needles 
of 5: mp 89.2-90.9°; uv XEt0H end absorption, 210 nm (e
14,700); ir X™) 2.92, 5.72, 5.83, and 6.15 /x; mass spectrum m/e 
(rel intensity) 346 (M+ -  H20 , 4), 263 (20), 246 (32), 83 (100).

o-Bromobenzoylation of Diol 5.— A solution of the diol 5 (80 
mg) in anhydrous pyridine (8 ml) was treated with o-bromo- 
benzoyl chloride (599 mg) at 0° for 30 min. The reaction mixture 
was diluted with methylene chloride and ice-water and then 
stirred for 30 min. The layers were separated and the water 
layer was extracted with methylene chloride. The combined 
organic layers were washed with 10% aqueous sodium carbonate 
solution, 1 N hydrochloric acid, and water, then dried over 
sodium sulfate and evaporated to dryness at reduced pressure. 
The solid residue obtained was crystallized from methylene 
chloride-cyclohexane to give the mono-o-bromobenzoate 6 (50 
mg); mp 181.5-182.3°; ir X*®( 2.93, 5.69, 5.79, 5.88, 6.16, and
6.31 jit; mass spectrum m/e (rel intensity) 530, 528 (M+ — H20 , 
<1), 263 (12), 246 (10), 185, 183 (100), 83 (95).

Anal. Calcd for CtilLiBrCb: C, 59.24; H, 5.71; Br, 14.60. 
Found: C, 59.28; H, 5.76; Br, 14.68.

Deacetylliatrm (2).— A solution of liatrin (1, 203 mg) in water- 
dioxane (40:60, 15 ml) was treated with 6 N sulfuric acid (1 ml) 
at 5° for 25 days. Excess sodium bicarbonate solution was added 
and the reaction mixture was diluted with water (100 ml) and 
extracted with methylene chloride (3 X 100 ml). The combined 
organic layers were washed with water (200 ml), dried over 
sodium sulfate, and evaporated to yield a foam (185 tag) which 
was purified by preparative tic on eight Silica Gel F254 plates 
using solvent system A. The medium Rt material was combined 
and extracted with methanol-methylene chloride (1 :9). Evapo
ration of the solvents gave deacetylliatrm (2) as a gum: ir 
X™,01* 2.76, 3.33, 3.39, 5.65, 5.80, 5.99, 6.20, 7.80, 8.70, and
9.80 ju; mass spectrum m/e (rel intensity) 260 (22), 259 (37), 
191 (20), 149 (20), 99 (100), 97 (24), 81 (33), 69 (22), 53 (38), 
43 (75), and 41 (55).

Bromoacetylation of Deacetylliatrm (2).— Deacetylliatrm (2, 
60 mg) in anhydrous benzene (3 ml) was treated with anhydrous 
potassium carbonate (315 mg) and bromoacetic anhydride (10 
drops) under nitrogen. The reaction mixture was intermittently 
stirred at 24° for 48 hr, then water (40 ml) was added and after 
15 min the mixture was extracted with methylene chloride (3 X 
33 ml). The combined organic layers were washed with water 
(50 ml), dried, and evaporated to dryness. The oily residue was 
purified by preparative tic on four Silica Gel F254 plates (0.25
mm) using solvent system A. The high Rt band containing the 
desired bromoacetate was removed and extracted with methanol- 
methylene chloride (1 :9). The solvent was evaporated and the 
residue was crystallized from methylene chloride-cyclohexane to 
give the bromoacetate 3 (15 mg) as colorless needles: mp 135- 
137°; ir X ^ r 2.87, 3.37, 3.41, 5.69, 5.76 (sh), 5.80, 6.05, 7.85,
8.70, and 9.79 m; mass spectrum m/e (rel intensity) 498, 496 
(1), 260 (44), 259 (60), 242 (20), 221, 219 (32), 163 (22), 123, 
121 (20), 99 (40), 97 (20), 81 (10), 53 (24), and 43 (32).

High resolution mass spectrum: calcd for CiaHisOg^Br,
496.0733; found, 496.0721.

Acetylation of Deacetylliatrm (2).— Deacetylliatrm (2, 32 mg) 
in anhydrous benzene (2 ml) was treated with anhydrous potas
sium carbonate (170 mg) and acetic anhydride (5 drops) under 
nitrogen. The reaction mixture was stirred for 24 hr at 24°, 
after which time an additional quantity of acetic anhydride was 
added. After a further 24 hr, the reaction mixture was poured 
into water (30 ml). After 15 min the aqueous solution was ex
tracted with methylene chloride (3 X  33 ml), and the combined 
organic layers were washed with water (50 ml), dried, and evapo
rated. The residue was dissolved in benzene and the benzene 
solution was evaporated, thereby removing the last traces of 
acetic acid. The crude product (41 mg) was chromatographed 
on two Silica Gel F254 plates (0.25-mm thickness) using solvent 
system A. The band corresponding to liatrin (1) was removed 
and extracted in the usual manner. Evaporation of the solvent 
and recrystallization of the residue from methylene chloride- 
cyclohexane gave liatrin (1, 17 mg), mp 132°, which was shown

Liatrin, Antileukemic Sesquiterpene Lactone

to be identical (tic, ir, mass spectrum, mixture melting point) 
with authentic liatrin (1) described above.

Sarracinic Acid (8).— A solution of liatrin (1, 299 mg) in 5 A  
sodium hydroxide (25 ml), dioxane (35 ml), and water (45 ml) 
was heated at 60° for 30 min. After cooling, the reaction mix
ture was adjusted to pH 8.5 with hydrochloric acid, concentrated 
to approximately 40 ml, and basified with 10% sodium carbonate. 
The aqueous layer was extracted with chloroform to remove any 
neutral material, then acidified with hydrochloric acid and satu
rated by the addition of solid sodium chloride. Extraction with 
ether gave an acidic fraction which, after removal of solvent, was 
chromatographed on Cellulose F precoated tic plates (0.1-mm 
thickness) using sec-butyl alcohol-2 N  ammonium hydroxide 
(4 :1) as development solvent. The acidic band (visualized by 
bromphenol blue spray reagent) was removed and extracted with 
methanol, and the solvent was evaporated. The residue was 
dissolved in ether and washed with 5%  aqueous hydrochloric 
acid. The ether layer was washed with saturated sodium chloride 
solution, dried over sodium sulfate, and evaporated to a solid 
(25 mg). Recrystallization from ether-petroleum ether (bp 
60-68°) gave sarracinic acid (8), mp 53.4-54.5°, which was 
shown to be identical (ir and mixture melting point) with an 
authentic sample of sarracinic acid.12

Deoxyliatrm (4).— To a solution of liatrin (1, 84 mg) in acetic 
acid (0.5 ml) was added dropwise a solution of dimethylamine 
borane (15 mg) in acetic acid (0.5 ml). The solution was heated 
over a steam bath for 5 min, cooled, neutralized with saturated 
potassium carbonate solution, and extracted with methylene 
chloride (3 X 10 ml). The combined organic layers were washed 
with water, dried over sodium sulfate, and evaporated to dryness. 
The residue was chromatographed on four Silica Gel F254 plates 
(0.5 mm thickness) using solvent system A. The major high Rt 
band was removed and extracted with methanol-methylene 
chloride (1 :9) to afford, after evaporation of the solvent, pure 
deoxyliatrin (4) as an amorphous solid which failed to crystallize 
from several solvents. This material was homogeneous by tic 
and displayed the following spectral data: ir X^,01* 5.71, 5.82,
6.04, and 6.08 m; mass spectrum m /e (rel intensity) 402 (4), 
387 (20), 261 (14), 245 (55), 244 (50), 141 (70), 81 (70), 43 (100).

p-Bromob enzoylation of Diol 5.— A solution of the diol 5 (47 
mg) in anhydrous pyridine (1 ml) was treated with p-bromoben- 
zoyl chloride (200 mg) at 25° under nitrogen in the dark for 24 hr. 
The reaction mixture was diluted with methylene chloride (10 ml) 
and added slowly to ice-cold 0.6 N  sulfuric acid (50 ml). The 
aqueous solution was extracted with methylene chloride (2 X 
100 ml). The combined organic layers were washed with 0.6 N  

sulfuric acid (2 X 50mi) and with 10% aqueous sodium carbonate 
solution (2 X  50 ml), then dried over sodium sulfate. Removal 
of the solvent gave a gummy solid (100 mg) which was chromato
graphed on four Silica Gel F254 plates (2 mm) using solvent 
system A. The high Rt band, containing the desired p-bromo- 
benzoate derivative, was removed, extracted with methanol- 
methylene chloride (1:3, 500 ml), and evaporated to give a gum 
(55 mg) which was further purified by preparative tic on two 
alumina type T, F254 plates using chloroform as solvent. 
Extraction of the high Rt, uv-visible band and work-up in the 
usual manner gave a solid residue (27 mg). Crystallization from 
methylene chloride-Skelly B gave the p-bromobenzoate deriva
tive 7 as needles: mp 156-158°; uv X*/0,11 212 nm (e 6230) and 
245 (18,460); ir X™r 2.90, 3.38, 5.63, 5.84, 6.14, 6.30, 7.82, 8.92, 
and 10.12 ft; mass spectrum m/e (rel intensity) 530, 528 (M + — 
18, 2), 448, 446 (1), 430, 428 (1), 346 (2), 328 (2), 264 (5), 263
(18), 246 (21), 228 (11), 202, 200 (14), 185, 183 (100), 85 (15), 
83 (60), 57 (37), and 55(78).

A n a l .  Calcd for CivHsiBrO,: C, 59.24; H, 5.71; Br, 14.60. 
Found: C, 58.97; H, 5.83; Br, 14.64.

High resolution mass spectrum: calcd for M  — 18, C27H 2381-
BrOe, 530.1128; found, 530.1166.

X-Ray Crystallographic Structural Data.— Crystals of the o- 
bromobenzoate are colorless, transparent lathes elongated along 
the c axis. Intensity measurements were made, at room tem
perature, from a crystal 0.35 X  0.25 X 0.05 mm3 mounted 
with b parallel to the <f> axis of a Picker four-circle diffractometer 
controlled by an XDS Sigma 2 computer.15 Monochromatic 
molybdenum K<* radiation was used with scintillation counting.

Within a single octant, 1530 independent reciprocal lattice 
points were surveyed out to 28 = 42°, and scattered intensity 
significantly above background was found at 1150 of them. No

(15) R . C . H altiw anger and R . F . B ryan, J . C h e m . S o c .  B .  1598 (1971).
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loss of intensity was observed during the experiment as judged by 
regular monitoring of three reference reflections so that a single 
scale factor could be used. No corrections for absorption were 
deemed necessary.

Crystal Data for o-Bromobenzoate 6 . — C^ThiBrO, had formula 
weight 547.4, orthorhombic, a  =  11.25 (2), b  =  26.63 (4), c =  
8.96 (2) A, U  =  2685 A3, D m =  1.34 (by pycnometry with an 
aqueous Znl solution), Z  =  4, D c  =  1.35, F  (000) =  1136. 
Space group P2j2i2i. Precession photography, Mo Ka radia
tion, X 0.7107 A, m  17 cm-1.

Structure Determination and Refinement.—The structure was 
solved by the heavy-atom method in the usual way, and five 
cycles of Fourier refinement with a single, overall, isotropic 
thermal parameter, B  =  4.0 A2, gave R  =  0.22.

Further refinement of the structural parameters was by block- 
diagonal least-squares methods. With anisotropic thermal 
parameters assumed only for the bromine atom, R  was 0.118 at 
convergence. Inclusion of the anomalous dispersion terms16 
for bromine in the structure factor calculations gave R  =  0.123 
and 0.116 for the two possible enantiomeric structures. By 
Hamilton’s P-factor ratio test17 a significant distinction is implied 
between the two absolute configurations at the 99.5% confidence

(16) D . T . C rom er, A c t a  C r y s t a l l o g r . ,  18, 17 (1965).
(17) W . C. H am ilton , A c t a  C r y s t a l l o g r . ,  18, 502 (1965).

level. The crystal was accidentally dislodged and lost during the 
measurement of intensity differences in Friedel pairs of reflections. 
The very few measurements made confirmed the correctness of the 
choice indicated by the ratio test.18

The least-squares refinement was continued for the favored 
enantiomorph, and with anisotropic thermal parameters assumed 
for all atoms R  was 0.079 at convergence.

The scattering functions used were those for the neutral 
atoms.19 The weighting scheme used was based on counting 
statistics with some allowance for errors of a nonstatistical nature 
in the stronger intensities.20 All calculations were performed 
on an XDS Sigma 2 computer with programs written in this 
laboratory.

Registry N o.—1, 34175-79-6; 2, 38821-16-8; 3, 
38821-17-9; 4, 38821-18-0; 5, 34160-71-9; 6, 34160-72-0; 
7, 34160-73-1; o-bromobenzoyl chloride, 7154-66-7; 
p-bromobenzoyl chloride, 586-75-4.

(18) J. M . B ijv oe t, A . F . Peerdem an, and A . J. va n  B om m el, N a t u r e  
{ L o n d o n ) ,  168, 271 (1951).

(19) H . P . H anson, F . H erm an, J. D . Lea, and S. Skillm an, A c t a  C r y s t a l 

l o g r . ,  17, 1040 (1964).
(20) W . R . Busing and H . A . L evy , J .  C h e m . P h y s . ,  26, 563 (1957 ); D . F. 

G rant, R . C . G . K illean, and J. L . Law rence, A c t a  C r y s t a l l o g r . ,  S e c t .  B ,  25, 
374 (1969).

Synthesis and Spectral Characterization of Some 
C-Alkylphospholes and Phospholecarboxylates1

Louis D. Qu in ,* Steph en  G. B o rle sk e , and  John F. E ngel 

G r o s s  C h e m i c a l  L a b o r a t o r y ,  D u k e  U n i v e r s i t y ,  D u r h a m ,  N o r t h  C a r o l i n a  2 7 7 0 6  

R e c e i v e d  N o v e m b e r  1 3 ,  1 9 7 2

Ten phospholes, bearing either methyl, benzyl, or phenethyl substituents on phosphorus and methyl or carbo- 
methoxy on carbon, have been synthesized by dehydrohalogenation of 3,4-dibromophospholanes or of 1-halo- 
phospholenium halides. The two esters prepared are the first phospholes with a reactive functional group. 
Significant differences were noted in the rates of reaction of phospholes to quaternization with alkyl halides; the 
fastest reacting phospholes (3,4-dimethyl derivatives) exhibited other differences, including (1) a small blue shift 
in the characteristic uv maximum of phospholes, (2) diminished allylic coupling between /3 CII3 and an a  proton, 
(3) a slight upfield shift of the a  proton, and (4) a pronounced upfield shift of the 31P signal. Steric or electronic 
effects, or a combination of these, are apparently leading to a diminution of electron delocalization from phos
phorus in these derivatives. Some of the P-methyl phospholes had readily interpreted P-H coupling patterns, 
permitting experimental verification of computed values made earlier. It was possible to consider the 31P value 
of the phosphole as derived from definite contributions for the ring fragment and for the P substituent. The 
phosphorus in phospholes is more strongly deshielded than in 2-phospholenes and in these more than in phos- 
pholanes. The carbomethoxy substituent caused quite strong additional deshielding, moderated, however, by 
steric interaction with a methyl substituent adjacent to it. The sensitivity of the 31P value to conjugative effects 
is revealed by these observations.

In 1967, we announced2 the synthesis of 1-methyl- 
phosphole, the first phosphole of sufficient structural 
simplicity to allow a meaningful evaluation3 of proper
ties of this ring system relative to those of the hetero- 
aromatics thiophene, pyrrole, and furan. This study, 
as well as subsequent work of others,4’5 has revealed 
that the phosphole ring has some of the properties 
associated with systems partaking of electron delocal
ization through p ,-p T bonding. Following our initial 
work, we proceeded to pursue a synthetic program 
designed to provide appropriate phospholes for ex-

(1) T aken  from  the P h .D . dissertations o f  J. F . E . (1971) and S. G . B .
(1972). Supported  in part b y  P u b lic  H ealth  Service R esearch  G rant C A - 
05507 from  the N ationa l C ancer Institu te. T h e N ation a l Science F ou nda
tion  p rov id ed  funds tow a rd  the purchase o f  the Bruker spectrom eter (G rant 
N o . G P  10301), and the A E I spectrom eter is sponsored b y  Special Facilities 
G rant N o . FR -0330-01 , N ational Institutes o f H ealth.

(2) L . D . Q uin and J. G . B ryson , J .  A m e r .  C h e m . S o c . ,  89, 5984 (1967).
(3) L . D . Quin, J . G . B ryson , and C . G . M orelan d , i b id . ,  91, 3308 (1969).
(4) (a) W . E gan, R . Tang, G . Z on , and K . M islow , i b i d . ,  92, 1442 (1970);

(b ) i b i d . ,  93, 6205 (1971); (c ) A . R au k , J. D . A ndose, U . G . F rick , R . Tang, 
and K . M islow , i b i d . ,  93, 6507 (1971); (d) W . B . Farnham  and K . M islow ,
C h e m . C o m m u n .,  469 (1972).

(5) F . M a th ey  and R . M ankow ski-F avelier, O r g . M a g n .  R e s o n a n c e ,  4 , 171 
(1972).

ploring further some unique features present in this 
system. Some of the results of this study are described 
in this paper.

Synthesis.—The phospholene ring system, available 
from the cycloaddition of dienes and trivalent phos
phorus halides,6 serves as a useful starting point for 
construction of the phosphole system. Thus, 1- 
methylphosphole was prepared in our earlier work2’3 
by the following sequence.

H3CX  X C1

H ,0
cr

h3c

ch .

HSiCl,

u
CH,

(6) W . B . M cC orm a ck ; U . S. Patents 2,663,736 and 2 ,663,737 (D e c  22, 
1953).
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Our recent work has provided means for varying 
the substituent on phosphorus other than that offered 
by choice of reactants in the cycloaddition process, 
and has also given access to phospholes with a reactive 
functional group (e.g., carboxylate). Some of our 
work has been aided by a new contribution of others 
to phosphole synthesis: the direct dehydrohalogena- 
tion5 of the McCormack cycloadducts (halophosphole- 
nium halides).

Method A.—We have shown7 8 that diene-PX3 cyclo
adducts can be reduced (dehalogenated) to 1-halophos- 
pholenes. These have now been demonstrated to be 
useful intermediates for the synthesis of dibromophos- 
pholane oxide precursors of phospholes.

I------1 RMgX
X P ^  *"

r = ]  2Brz< Ev B
1 1 R ^  X Br
Br R

Br .Br

Br~

1. HSiCl3
2. KO Bu ! '

r / P\ )

h 2o

1, R = CH2C6H5
2, R = CH2CH2C6H5
3, R = CH2CH2C6H4-p-Cl

The first reaction permits the synthesis of a wide 
variety of P-substituted phospholenes through the 
Grignard reaction. Addition of 1 mol of bromine to 
the phospholene occurred selectively at phosphorus; 
a second 1 mol added to the double bond. The 
resulting tetrabromo compound could then be hydro
lyzed smoothly to the 3,4-dibromo P-oxide, which as 
in our previous work3 was converted in two steps to 
the phosphole. One phosphole (1-benzyl, 1) was also 
prepared by our earlier3 route, starting with benzyl- 
phosphonous dibromide.

A side reaction, noted previously,3 leads to contam
ination of the phosphole with some of the 3-phos- 
pholene. Its removal from the phosphole presents no 
difficulty; the latter is of greatly reduced basicity,3 
and remains in an organic solvent while the 3-phos- 
pholene is extracted with 1-2 N hydrochloric acid. 
The 3-phospholene apparently arises from debromina- 
tion of the 3,4-dibromo system, by either the trichloro- 
silane9 or by the phosphine formed in the reduction.10

Method B.—The l-halo-3-phospholenes possess an
other property of value in phosphole synthesis; phos
phorus is of sufficient nucleophilicity that an alkyl 
group can be added through reaction with an alkyl 
halide.

Phosphorus halides are generally much less reactive 
to alkyl halides than are tertiary phosphines, although 
examples of the alkylation of other phosphinous

(7) D . K . M yera and L .  D . Q uin, J .  O r g . C h e m .,  36, 1285 (1971).
(8) D iazab icyclou n decan e (D B U ) has been successfu lly  used for the 

corresponding reaction  in the synthesis o f  1 -phenylphosphole [G . M ark l and 
R . Potthast, T e tr a h e d r o n  L e t t . ,  1755 (1968 )], b u t it has n o t  g iven  as satis
fa ctory  results as ¿eri-butoxide in our syntheses.

(9) Trich lorosilane in the presence o f  triethylam ine has been found to  de- 
brom inate som e vicina l d ibrom ides { e .g . ,  t r a n s - 1 ,2 -d ib rom ocy cloh ex a n e ): 
L . D . Quin, R . L. W ells, and R . M aher, unpublished results.

(10) I. J. B orow itz, D . W eiss, and R . K . C rou ch , J .  O r g . C h e m ., 36, 2377
(1971).

halides are known.11'12 We found that particularly 
reactive alkyl halides {e.g., benzyl and methyl halides; 
w-butyl bromide failed to react) were required to form 
phosphonium salts with our cyclic phosphinous bro
mides. These salts have the same structure as the 
diene-RPBr2 cycloadducts, and can be converted to 
phospholes by the steps of our 1-methylphosphole 
synthesis. Alternatively, dehydrobromination by 
DBU6,13 (method C) is possible, and was employed 
successfully in the synthesis of 4.

Method B is preferred to method A for the synthesis 
of 3,4-dimethylphospholes, for the 3,4-dibromo-3,4- 
dimethylphospholane oxides required in method A 
are quite susceptible to decomposition via dehydro- 
halogenation.14

Method C.—The direct dehydrohalogenation of halo- 
phospholenium halides to phospholes6,13 proceeds with 
modest yield, but the simplicity of the method makes 
it attractive where the halides can be readily obtained. 
We have used it in the synthesis of phospholes 5-8 
(10-20% yield).

Compd Ri P-2 «3 R.
5 c h 2c6h 5 H c h 3 H
6 c h 3 c h 3 H H
7 c h 3 H c h 3 H
8 c h 3 H c h 3 CH;

Method D. —Phospholenecarboxylic esters have been 
prepared for the first time by the sequence in eq 1 and 2.

The anion from the phospholene oxide is delocalized 
and is attacked by the electrophile at two sites. Sub
sequently, rearrangement *o the conjugated acids 
occurs. Sufficient difference in chemical properties 
of the 2- and 3-phospholene oxide systems existed to 
allow their separation in useful quantity. The utility 
of the silane method of oxide reduction is extended 
by our observation that the presence of an ester func
tion offers no apparent complication. Some other 
aspects of the synthesis and properties of the products

(11) S. T . M cN e illy  and J. A . M iller, J .  C h e m . S o c .  C , 3007 (1971).
(12) A . P . Stew art and S. T rippett, i b i d . ,  1263 (1970).
(13) F . M a th ey , C .  R .  A c a d .  S c i . ,  269, 1066 (1969).
(14) L . D . Quin, J. P. G ratz, and T . P . B arket, J .  O r g . C h e m .,  33, 1034 

(1968).
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T a b l e  I
P h o s p h o l e s  P r e p a r e d  a n d  T h e i r  S a l t s

-Quaternary salts-
S yn th etic ,-----------c, % -----------• /• H , % ----------- - ,-------------P, % ---------- —

P h osphole m ethod M p , °C Form ula C a lcd F ou nd C alcd F ou nd C a lcd F ou n d

1-PJ1CH2 (I)» A 199-2016'0 Ci8HI8BrP 62.62 62.58 5.26 5.31 8.97 8.74
l-PhCH2-3-Me (5) C 173-1766<! C19H»BrP 63.52 62.99 5.61 5.45 8.62 8.78
l-PhCH2-3,4KÌiMe (4) B 261-264M C m H mB tP 64.35 64.35 5.94 6.23 8.30 8.43
1,2-diMe (6) C 177-179»'* c ,h 12ip 33.09 33.02 4.76 4.88 12.19 12.14
1,3-diMe (7) C 193-195*'» C,Hi2IP 33.09 32.76 4.76 4.66 12.19 11.95
1,3,4-triMe (8) C 181-183«*.*'/ C8HmIP 35.84 35.80 5.26 5.47 11.55 11.55
l-Ph(CH2)2 (2) A 187-1896'* C i g H ü o B r P 63.52 63.24 5.61 5.62 8.62 8.27
l -p - C lC 6 H 4 ( C H 2 ) 2 ( 3 ) A 116-118*'» C 1 3 H 1 5 C IIP * 42.83 42.75 4.15 4.23 8.49 8.32
l-Me-3-COOMe (9) D h

l,4-diMe-3-COOMe (10) D h

“ CalcdforCuHuP: C, 75.85; H, 6.37; P, 17.78. Found: C, 75.49; H, 6.74; P, 17.50. b Benzyl bromide salt, prepared at room 
temperature in benzene solution and recrystallized from methanol-ethyl acetate. * Dimer.22 d Monomer. * Methyl iodide salt, from 
room temperature reaction in benzene; recrystallized from methanol-ether. /  Lit.6 mp 178-180°. » The nmr spectrum of a solution
of this salt slowly changed to that of the dimer.22 This implies that the initial solid is monomeric, or largely so. h Phosphole decomposi
tion interfered with quaternization. These were characterized by high-resolution mass spectrometry (see Experimental Section).

are more appropriate for discussion elsewhere;15 
the phospholenes were of importance in the present 
program as precursors of phospholecarboxylates, 
the first phospholes known with a reactive functional 
group.

The synthesis depends on the selective addition of 
bromine to phosphorus, giving salts which are of the 
same structure as would be formed from the cyclo
addition reaction. Phospholes were then obtained 
by DBU dehydrohalogenation.16 This general method 
may have much wider synthetic utility; other sub
stituents can be placed on the phospholene oxide 
ring via their carbanions,17 and the resulting products 
may lend themselves to phosphole synthesis as above.

Properties and Reactivity of the Phospholes.—The 
ten phospholes prepared in this study are listed in 
Table I with some of their properties. All were purified 
by distillation;18 however, the two esters proved to be 
unstable at room temperature and within a few hours 
after distillation formed a solid brown mass. On 
prolonged exposure to high temperature other phos
pholes showed instability. Thus, in refluxing xylene,
l-benzyl-3,4-dimethylphosphole was about half de
composed after 25 hr, forming insoluble matter of 
indefinite nature. The phospholes were in general 
readily oxidized by atmospheric oxygen.

The phospholes were quaternized22 with alkyl 
halides to form crystalline salts, useful for analysis 
(Table I). Distinct differences in the rates of quater
nization were noted. 1-Benzylphosphole formed a 
salt with benzyl bromide very slowly (28% yield after 
11 days), while in only 2 days the 3-methyl derivative 
gave an 83% yield, and the 3,4-dimethyl derivative a 
quantitative yield. This reactivity difference, noticed 
also by others,6 is reflected in rates of complexation as 
well; neither 1-methyl- nor 1-benzylphospholes undergo

9, R =  H 
10, R=CH3

(15) L . D . Q uin and S. G . Borleske, m anuscript in preparation.

(16) P relim inary com m u nication : L . D . Q uin and S. G . B orleske, T e t r a 
h e d r o n  L e t t . ,  299 (1972).

(17) F . M a th ey  and J. P . Lam pin, C . R .  A c a d .  S c i . ,  270, 1531 (1970 ); J. P . 
Lam pin, F . M ath ey , and B. B artet, B u l l .  S o c .  C h im . F r . ,  317  (1971).

(18) 1 -B enzylphosphole (1) p roved  to  be a so lid  (m p 3 4 -3 4 .5 ° -)  and was 
su b jected  to  X -r a y  analysis. C om pou nds 2 and 3 w ere synthesized  for 
con tin u ation  o f  our X -r a y  studies, b u t both  p roved  to  be liqu ids. Som e re
sults o f  the analysis o f  1 have been p u b lish ed ;19 full details will appear else
w here.20 T h e  X -r a y  analysis o f  another phosph ole  (1 ,2 ,5 -tr iph en yl-) was 
published later;21 the m olecular param eters for  this m ore com plex  d er iv a 
t iv e  show  no special effects attribu table  to  delocalization .

(19) P . C oggon , J. F . Engel, A . T . M cP h ail, and L . D . Q uin, J .  A m e r .  
C h e m . S o c . ,  92, 5779 (1970).

(20) P . C oggon  and A . T . M cP h a il, m anuscript in preparation .
(21) W . P . O zbirn , R . A . Japobson, and J. C . C lardy , C h e m . C o m m u n . ,  

1062 (1971).
(22) In  a separate paper, properties o f  these salts, som e o f  w hich  are di

m eric, are discussed: L . D . Quin, S. G . Borleske, and J. F . E n gel, J .  O r g .
C h e m .,  38, 1954 (1973).
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T a b l e  I I

P h o t o n  a n d  P h o s p h o r u s  N m r  S p e c t r a  o f  P h o s p h o l e s

0 (« P ) ¿(*H ), ppm ( /p H , H z )&----------- —— ------------------------ —
P h osphole ppm® P C H ,R CCH a 2 H  3 H  4 H 5 H

i - 8.0 3.01 (s )‘ Complex multiplet, 6 .31 -7 . 29
2 - 5 .8 2.21-2.61 (m)".« Complex multiplet, 6 . 67-7 . 70
3 - 5 .9 1 .85-2.5c'<i Complex multiplet, 6 . 36-7 . 37
4 + 3 .0 2.97 (s)' 1.96 (3) 6.31 (37.2) 6.31 (37.2)
5 -1 1 .5 3.02 (s)' 2.03(3) Complex multiplet, 5 . 87-7 . 21
6 + 7 .3 1.36 (1.5)' 2.28 (11) Multiplet, 5 .8-7 .1
7 + 6 .9 1.45 (1.3)' 2.31 (3.3) 6.52(41) 6.93(12.5) 7.01 (40)
8‘ + 20.2 1.22 (2 )' 2.03(3) 6.42(41) 6.42(41)
9 - 3 .0 1.92 (s Y - “ 8.3(34 .5) 7.8(17) 7.3(38)

10 +  12.6 1.96 (s Y - h 2.93(3) 8.44(33) 7.03(39)
° All values are relative to external 85% H3P04; 9 and 10 were run in CDCI3 solution while all others were neat. b ' l l - 1! !  constants 

are given in Table III. c Neat with internal TMS. d Overlapped by benzylic CH2. • Neat with external TMS. < In CDCI3 with 
external TMS. 9 CH30  at S 4.26 (s). h CH3O at 5  4.37 (s). * Reference 5.

the well-known phosphine reaction of complexation 
with nickel chloride, but 3,4-dimethyl-l-benzylphos- 
phole reacts rapidly to give a typical complex.23 These 
reactivity differences can be taken to imply that greater 
phosphine-like character (diminished electron delocal
ization from phosphorus) results from introduction 
of methyls in the two (3 positions. Other consequences 
of this substitution pattern will be noted in this paper 
and it is clear that effects are felt not only in chemical 
reactivity but in physical properties as well. Whether 
the influence of the substituents is electronic or steric 
in nature, or a combination of these, is not clear at 
this time. The direction of the effect is ' consistent 
with the electron-releasing characteristic of methyl,6 
but some observations will be noted that indicate that 
repulsive interactions occur between the adjacent 
methyls. If these repulsions caused some distortion 
of the ring carbons from planarity, or if the position 
of phosphorus relative to this plane (in 1, it is out of 
this plane by 0.18 A 19) were modified slightly, then 
the extent of orbital overlap between the 7r electrons 
and the p orbital of phosphorus could differ slightly 
in the 3,4-dimethyl case. Knowledge of the behavior 
of phospholes with a variety of substituents seems 
called for to assess the relative importance of the two 
influences.

Spectral Properties of Phospholes.—In our study of
1-methylphosphole, some unique ultraviolet, ‘H nmr, 
and 31P nmr spectral properties were observed. Our 
continued study has shown that these properties, 
described in the discussion to follow, are general char
acteristics of the phosphole system.

Uv Spectra.—In its uv spectrum, a maximum was 
observed for 1-methylphosphole at 285 nm (log e 3.89, 
isooctane). This absorption has been found in every 
phosphole that we have since examined. The maxi
mum is sensitive to conjugating substituents; the 
carbomethoxy group caused a pronounced shift (22 
nm) to higher wavelength, a strong indication that the 
maximum is associated with the tt electrons of the ring. 
Placement of a methyl on the other ¡3 carbon of the 
ester (as in 10) produced a blue shift of 7 nm, in accord 
with steric inhibition of the conjugation. Relative 
to a 3-methylphosphole (5), the maximum for a 3,4- 
dimethylphosphole (4) is blue shifted by 5 nm. Nor
mally, alkyl substitution in conjugated systems pro
duces red shifts; a blue shift is common, however,

(23) L. D . Quin, J. G . B ryson , and J. F . E n gel, P h o s p h o r u s ,  2 ,  205 (1973).

when steric interaction is strong between adjacent 
substituents and affects conjugation, as in ortho- 
disubstituted benzenes. The blue-shifted uv max
imum for the 3,4-dimethylphosphole case therefore is 
indicative of the repulsions having some effect on con
jugation in the ring.

Proton Nmr Spectra.—The olefinic proton nmr 
spectrum (AA 'BB 'X) of 1-methylphosphole required 
computer assistance for interpretation.3 The presence 
of substituents on the ring carbons has greatly facil
itated the interpretation of the spectra; in many cases, 
olefinic signals were spread out so that spectra of first- 
order quality were obtained and chemical shifts and 
coupling constants could be measured by inspection. 
This was especially true where -COOCH3 was present 
(9 and 10), for it added strong deshielding to adjacent 
CH. A methyl substituent, as in 7 and 8, caused a 
useful upheld shift of adjacent CH. Phospholes with 
a benzyl substituent have less readily interpreted spec
tra, since the protons of the phenyl and the phosphole 
rings overlapped. The methyl effect did help in this 
regard, however, and in l-benzyl-3,4-dimethylphos- 
phole (4) the protons at the 2,5 positions were cleanly 
separated from the phenyl protons.

With the spectra of ten phospholes available (Table 
II), we have been able to consider in some detail the 
more unique properties of phospholes. (1) The ring 
protons, clearly in the “ aromatic”  region, are sensitive 
to substituent effects just as are those of benzene, 
thiophene, etc. Comparison of chemical shifts with 
those of olefinic protons in 2-phospholenes shows some 
additional deshielding, as might be expected from oper
ation of a ring current [cf. 8 5.74-6.40 in 1-benzyl-
2-phospholene to 8 6.31-7.29 in 1-benzylphosphole
(1), and 8 5.90 in l,3-dimethyl-2-phospholene24 to 8 
6.52 for the a proton in 1,3-dimethylphosphole]. (2) 
Values for 31P -1H coupling in 1-methylphosphole were 
calculated to be 38.5 Hz, an extraordinary size, and
13.8 Hz. These were assigned to the a and 3 protons, 
respectively, although the opposite assignments gen
erally hold for phosphines. As seen especially by 4 
and 8 in Table II, these assignments are now fully 
confirmed. Furthermore, as we have reported else
where,7'14 2J p h  for the a proton in 2-phospholenes is 
of the same large size. It is not yet possible to ac
count for this effect; it may prove to be a consequence

(24) L. D. Quin, J. J. Breen, and D. K. Myers, J. Org. Chem., 36, 1297
(1971).
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of the bonding characteristics (C-P bond order greater 
than 1 through delocalization), or it may depend on 
the spatial relation of the a proton to the lone pair as 
in other cyclic phosphines. That a large value of 
V ph (38 Hz) has been recently reported25 26 for phos- 
phabenzene (phosphorin) should be noted in this 
regard. X-Ray analyses of 1-benzylphosphole19 and 
of 2,6-dimethyl-4-phenylphosphorin26 confirm the 
reduction in C-P bond length in these systems (1.78 
and 1.74 A, respectively) relative to saturated phos
phines (e.g., 1.846 A in trimethylphosphine27) . (3)
Phosphorus coupling occurs with protons on substitu
ents of the ring. Methyl or benzyl protons attached 
to phosphorus have quite small (1.3-2.0 Hz) or even 
unobservable values3 for 2JpH- C-methyl protons are 
more strongly coupled, especially at the a position. 
Thus, 3J ph for 1,2-dimethylphosphole is 11 Hz; this 
is a particularly large value but not unexpected from 
the magnitude of coupling with a proton at the a 
position. Similar values for a methyls have been ob
served by others.4b'28 4J ph , as for the 0 methyl of 1,3- 
dimethylphosphole, is much smaller (3.3 Hz). These 
position-specific coupling constants are an aid in struc
ture elucidation as well as spectra interpretation. (4) 
From the calculated spectrum3 of 1-methylphosphole, 
proton-proton coupling constants were obtained. 
The directly measured constants of the present study 
are totally consistent with these values (Table III).

T a b l e  I I I

R i n g  P r o t o n - P r o t o n  C o u p l i n g  C o n s t a n t s “  ( H e r t z ) 
i n  P h o s p h o l e s  a n d  T h i o p h e n e s

Phospholes

•THjH. *7h2hb
Jh,hs 

(or HîHj)
l-Me6 1.1 3.0 7.2
1,3-diMe (7) 1.3 2.5 7.5
l-Me-3-COOMe (9) 1.5 2.5 7.5
l,4-diMe-3-COOMe (10) 3.0

Unsubstituted“
Thiophenes

1.0 2.9 4.7
3-MeJ e 3.0 4.9
S-COOMe* 1.3 2.9 5.1

° /HaCHs values follow: for 5, 6, and 7, 1.5 Hz; for 4, 8, and 10, 
c a .  0.5 Hz. 6 See ref 3. c L. M. Jackman and S. Sternhell, 
“Nuclear Magnetic Resonance Spectroscopy in Organic Chem
istry,” Pergamon Press, Elmsford, N. Y., 1969, p 307. d R. A. 
Hoffman and S. Gronowitz, A r k .  K e m i ,  16, 515 (1961). ‘ Not 
reported.

Furthermore, the values are not greatly different from 
those found for the corresponding thiophenes. A 
comparison of values for the carboxylates of the two 
ring systems is included in Table III. That a simi
larity in values should exist for these systems is not 
unexpected, for X-ray studies19 have shown that 
bond angles and lengths in the two systems are sim
ilar and that the phosphole ring atoms deviate only 
slightly from coplanarity (at phosphorus). Agree
ment with values for pyrrole and furan would not be 
expected (and are not observed), for the smaller hetero
atom in these rings leads to quite different molecular 
parameters. (5) Allylic coupling has been observed

(25) A . J. Ashe, I I I ,  J .  A m e r .  C h e m . S o c . ,  93, 3293 (1971).
(26) J. C . J. Bart and J. J. D a ly , J .  C h e m . S o c .  A ,  567 (1970).
(27) L. S. B artell and L . O. B rock w ay, J .  C h e m . P h y s . ,  32, 512 (1960).
(28) G . M ark l and R . P otth ast, A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  6, 86 (1967).

between 0 CH3 groups and the a protons, causing the 
CH3 doublet (from 31P coupling) to split again. The 
magnitude of this coupling is greatest (1.5 Hz) when 
only one 0 CH3 group is present (as in 5 and 7); it is 
less than 0.5 Hz when two 0 CH3 groups are present 
(as in 4 and 8). Allylic coupling is well known29 
to be sensitive to geometric factors and the smaller 
value for the 3,4-dimethyl derivatives may imply a 
deviation from coplanarity for the a proton and 0 
methyl. The suspected steric interactions between
3- and 4-methyls could cause such a deviation. An
other nmr manifestation of the 3,4-dimethyl effect is 
the upfield shift for the a proton from a 3-methyl- 
phosphole to a 3,4-dimethylphosphole (e.g., from 7 
to 8, 0.1 ppm; a larger difference, 0.4 ppm, has been 
reported6 for the n-butylphospholes). In searching 
for an understanding of the origin of the 3,4-dimethyl 
effect, it is of importance to consider its possible occur
rence among other heterocyclics where d ,-p T conjuga
tion cannot be implicated.6 It is then found, for ex
ample, that for pyrroles the effect is also present (3- 
methylpyrrole,30* 5 6.42; 3,4-dimethylpyrrole,30b 8 
6.27). The proposal5 that dimethyl substitution on 
phospholes increases the extent of d^-p,. conjugation 
relative to pT-p x conjugation6 receives no support 
from this observation.

Phosphorus Spectra.—The 31P nmr signal for 1- 
methylphosphole was located at +8.7 ppm, a value 
showing considerable deshielding relative to an acyclic 
vinylphosphine (e.g., ethyl divinylphosphine, +20.8 
ppm).3 No suitable cyclic vinylphosphines were 
available at that time to test for the effect of the cyclic 
structure, however. We have now prepared the series 
of cyclic derivatives shown below to permit evaluation 
of the effect of introduction of unsaturation into a 
five-membered ring.

P 9  9
I I I

C H 2C 6H 5 C H A R  C H A R ,

+ 14.4 ppm31 0.0 ppm -7 .9  ppm

The results do reveal that both the phospholene 
and the phosphole possess a considerably more de- 
shielded phosphorus than does the saturated cyclic 
phosphine, consistent with electron delocalization 
from phosphorus via pT-p x conjugation in both un
saturated systems.24 However, an important in
fluence on 31P values is the bond angles about phos
phorus,32 and insufficient data are presently available to 
assess thoroughly the importance of this factor in the 
series above. Furthermore, conformational differ
ences exist between saturated and unsaturated rings,31 
and these steric differences must also be taken into con
sideration. Nevertheless, that phospholes have the 
most deshielded phosphorus is, qualitatively, in ac-

(29) L. M . Jackm an and S. Sternhell, “ N uclear M agn etic  R eson an ce  S pec
troscop y  in O rganic C h em istry ,”  Pergam on Press, E lm sford , N . Y . ,  1969, p 
322.

(30) (a) H . Fukui, S. Shim okaw a, S. Sohm a, T . Iw adare, and N . E sum e, 
J .  M o l .  S p e c t r o s c ., 39, 521 (1971); (b ) R .  A . Jones, T . M . S p otsw ood , an d  P . 
C h euych it, T e tr a h e d r o n ,  23, 4469 (1967).

(31) J. J. Breen, J. F . E ngel, D . K . M yers, and L . D . Q uin, P h o s p h o r u s ,  2, 
55 (1972).

(32) M . M . C rutchfield , C . H . D ungan, J. H . Letcher, and  J. R .  Y an  
W azer, “ T op ics  in Phosphorus C h em istry ,”  V ol. 5, E . J. G riffith  and M . 
G rayson , E d ., W iley, N ew  Y ork , N . Y . ,  1967, C h apter 3.



cord with the concept of cyclic electron delocalization 
in this system. A theoretical discussion of this matter 
has been published recently.6

As seen in Table II, 31P signals for other phospholes 
we have prepared also occur at low field. Three 
observations of significance can be made from these 
data. (1) A carbomethoxy group placed on the 
ring causes pronounced additional deshielding. This 
is easily interpretable on the basis of resonance in
volving this group and the ring, with further reduc
tion of electron density on phosphorus. Indeed, this

0"

C-Alkylphospholes and Phospholecarboxylates

I
CH3

effect may be taken as evidence supporting the de- 
localization explanation of deshielding at phosphorus in 
phospholes, since the deshielding is enhanced by a 
known conjugating group. (2) As in the phos- 
pholane and 3-phospholene series,31 the phosphole 
ring appears to make a definite contribution to the 
3IP value; subtracting the group contribution33 (+21 
ppm for CH8, + 4  ppm for CH2CeHB) for the exocyclic 
substituent from the phosphole value leaves an in
crement for the ring contribution of —12 ppm in both
1-methyl- and 1-benzylphospholes. Similar con
stancy occurs for the ring contribution ( — 14 ppm) 
among derivatives of the 3-methylphosphole system, 
as well as for the 3,4-dimethylphosphole ring ( — 1 ppm). 
Such additive effects are of value32,33 in calculating 
chemical shifts where experimental values are not 
available. (3) The ring contributions reveal a re
markable effect: one ¡3 methyl causes a small addi
tional deshielding of P, but ■ two (3-methyl groups 
result in marked shielding34 of phosphorus. The 
same effect has been noted for 1-phenyl- and 1-butyl- 
phospholes.6 The upfield shift in the 31P value may 
be explained on the basis of diminished electron de- 
localization from phosphorus, as have other mani
festations of the 3,4-dimethyl effect. The fact that 
one /3-methyl substituent causes the opposite effect 
(deshielding), however, makes it seem questionable 
that an explanation based solely on the electronic 
properties of methyl can suffice for this phenomenon. 
That steric effects which moderate conjugation in 
the system can influence 31P shifts is seen from a con
sideration of the two phosphole esters 9 and 10. In 
9, the conjugating carbomethoxy group causes addi
tional deshielding of almost 12 ppm relative to 1- 
methylphosphole; placement of a methyl adjacent to 
carbomethoxy nullifies the effect through steric in
hibition of conjugation, and even leads to shielding 
(by 4 ppm) relative to 1-methylphosphole.

We would also note in conclusion that 13C nmr stud-

(33) S. O. G rim , W . M cF arlane, and E . F . D a v id o ff, J .  O r g . C h e m .,  32, 781 
(1967).

(34) Shielding b y  carbon  7  to  phosphorus is consistent w ith  considerations 
o f a cyclic  com p ou n d s , 85 and indeed  is observed  also in  3 ,4 -d im eth yl su b
stitu tion  in 3-phospholenes . 31 T h e  precise nature o f  the steric effects w ould 
be expected to  be  quite depen dent on  the particu lar system  in volved , par
ticu larly  w here deloca lization  (as in the phospholes) and an isotrop ic effects 
(as in the 3-phospholenes) are also in volved .

(35) L. D . Quin and J. J. Breen, O r g . M a g n .  R e s o n a n c e ,  in  press.

ies of phospholes have revealed the presence of steric 
interactions between vicinal methyls. It has been 
observed36 that the upfield shift seen for substituents 
suffering steric crowding in benzene derivatives (e.g., 
the methyls of o-ylene are upfield of those of m-xylene 
by 1.9 ppm37) occurs among phospholes. Thus, 
for 7, the 3-CH3 group resonates at 18.6 ppm (TMS 0), 
while the 3,4-dimethyl derivative 8 has a value of 17.8 
ppm.

Experimental Section
General.— Melting points were taken on a Mel-Temp ap

paratus and are corrected, while toiling points are uncorrected. 
Proton nmr spectra were obtained with a Varian A-60 spectrom
eter or a Broker HFX-10 spectrometer at 90 MHz. 31P nmr 
spectra (referenced to external 85% H3P 04) were obtained with a 
Varian V-4300B spectrometer at 19.3 M Hz; the Bruker in
strument (36.43 MHz) was also used, under conditions of proton 
decoupling. Mass spectra were obtained on an AEI MS 903 mass 
spectrometer operated by the Research Triangle Mass Spectrom
etry Center. Gas chromatography (gc) was performed with a 
Varian Aerograph 202-1B dual column gas chromatograph using 
helium carrier gas and a 5 ft X 0.25 in. column packed with 20% 
SE-30 silicone oil on Chromosorb W. In specified cases, a similar 
column of 4%  OV-17 on Chromosorb G was used. The flow rate 
was approximately 65-70 ml/min. Analyses were performed by 
commercial laboratories. All manipulations involving trivalent 
phosphorus compounds and other oxygen- or moisture-sensitive 
materials were done under a nitrogen atmosphere. Cycloaddi
tions of dienes and phosphorus dihalides were performed by 
published procedures.9 Reagents were commercially available 
except where noted by a reference to their preparation.

l-Benzyl-3-phospholene Oxide.— The adduct prepared from 
the benzylphosphonous dibromide38 and butadiene adduct was 
hydrolyzed on ice and the aqueous layer was then extracted with 
four 100-ml portions of chloroform. The chloroform was stripped 
off and the residue was distilled tc give 7.52 g of oxide, bp 151— 
155° (0.5 mm). Gc indicated only the 3-phospholene isomer to 
be present; pmr (CDC13, internal TM S) 6 5.84 (d, 3Jph = 28 Hz, 
H C = C H ), 3.37 (d, V PH = 13.8 Hz, benzyl CH2), 2.44 (d, 
V ph = 11 Hz, ring CH2); 31P nmr (CDCfi) 5 —63.2. Because 
of its hygroscopicity, analysis was deferred to the dibromo state 
( v i d e  i n f r a ) .

l-Benzyl-3-phospholene.— Benzylmagnesium chloride, pre
pared from 3.94 g (0.169 mol) of magnesium and 20.5 g (0.162 
mol) of benzyl chloride in 150 ml of dry ether, was added dropwise 
to a well-stirred mixture of 24.4 g (0.148 mol) of l-bromo-3- 
phospholene7 and 25 ml of dry ether at 5°. A hard solid formed 
during the reaction. After being stirred for 1 hr at room tem
perature, the mixture was chilled and 100 ml of a 10% NH4C1 
solution was carefully added. The organic layer was separated 
and the aqueous layer was extracted three times with 20 ml of 
ether. The combined ether extracts were dried and distilled to 
give 21.1 g (81.1%); bp 80-82° (0.6 mm); pmr (neat) 5 5.79 
(d, Mph =  7 Hz, H C = C H ), 2.60 (s, benzyl CH2), 2.14-2.50 
(ABX, m, ring CH2); 31P nmr (neat) S 23.4.

The phosphine was also prepared by reduction of l-benzyl-3- 
phospholene oxide (7.60 g, 0.040 mol) in 125 ml of benzene (dried 
by distillation) with a solution of 21.4 g (0.158 mol) of trichloro- 
silane in 30 ml of benzene at 5°. Some gas evolution occurred. 
The reaction mixture was stirred for 45 min at room temperature, 
refluxed for 3 hr, and then cooled for hydrolysis with 125 ml of 
25% NaOH solution. The benzene layer was removed and the 
aqueous layer was extracted twice with 15-ml portions of benzene. 
After drying the benzene extract, it was distilled to give 3.93 
g of oxide [56.5%, bp 70-73° (0.4 mm)]. The spectra were 
identical with those for the first product. A sample quaternized 
with methyl bromide gave a salt of mp 185-186° with spectra 
identical with those of a specimen prepared by another route.14

l-Benzyl-2-phospholene Oxide.— A solution of 12.0 g (0.087 
mol) of l-chloro-2-phospholene oxide7 in 50 ml of dry ether was

(36) L . D . Quin, S. G . Borleske, and J. F . Engel, A bstracts, 164th N ation a l 
M eetin g  o f  the A m erican  C hem ical S ociety , N ew  Y ork , N . Y . ,  A u g  30, 1972, 
N o . O R G N -109 .

(37) W . R . W oolfen d en  and D . M . G rant, J .  A m e r .  C h e m . S o c . ,  88, 1496 
(1966).

(38) R . B . F ox , i b id . ,  72, 4147 (1950).
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chilled in an ice bath and treated with benzylmagnesium chloride 
solution [prepared from 2.43 g (0.100 mol) of magnesium and
12.7 g (0.100 mol) of benzyl chloride in 115 ml of dry ether]. 
After stirring for 30 min at room temperature, the solution was 
again cooled and 100 ml of 15% NH4CI solution was slowly added. 
The ether layer was then removed and the aqueous layer was 
extracted four times with 50 ml of chloroform. The combined 
and dried ether and chloroform extracts were distilled, giving two 
fractions: (1) 3.23 g, bp 168-178° (0.3 mm); (2) 0.39 g, bp
179-186° (0.3 mm). Gc indicated the following ratios of 3- 
phospholene to 2-phospholene: (1) 1:99 and (2) 2:98. The 
yield of 2-phospholene oxide was 3.61 g (21.3%); pmr (CDC13, 
internal TMS) 8 5.9-6.65 (m, H C=CH), 3.29 (d, 3./rn =  15 Hz, 
benzylic CH2), 1.6-2.7 (m, ring CH2); 3,P nmr (CDC13) 8 —67.7.

l-Benzyl-2-phospholene.— A solution of 3.30 g (0.017 mol) of
l-benzyl-2-phospholene oxide and 100 ml of benzene was dried by 
distilling off 20 ml of benzene. It was treated with 9.3 g (0.069 
mol) of trichlorosilane in 15 ml of benzene, while being cooled 
with an ice-water bath. The mixture was brought to room tem
perature and then refluxed for 3 hr. The solution was again 
cooled and 125 ml of 20% NaOH was added cautiously. The 
organic layer was removed and the aqueous layer was extracted 
three times with 20 ml of benzene. The combined, benzene por
tions, after being dried, were distilled, giving 1.40 g (46.2%): 
bp 80-83° (0.3 mm); pmr (CD3COCD3, internal TMS) 8 5.74-
6.41 (m, H C=CH ), 2.76 (broad s, benzylic CH2), 1.5-2.6 (m, 
ring CH2); 31P nmr (CD3COCD3) 8 0.0. The benzyl bromide 
salt, formed in benzene and recrystallized from methanol-ethyl 
acetate, had mp 230-231°, 31P nmr (CDCI3) 8 —61.8.

A n a l .  Calcd for C18H25BrP: C, 62.26; H, 5.80; Br, 23.01; 
P, 8.92. Found: C, 62.45; H, 5.53; Br, 23.33; P, 9.21.

l-Benzyl-3,4-dibromophospholane.— A solution of 1-benzyl-
3,4-dibromophospholane oxide (17.4 g, 0.0493 mol) and 350 ml 
of benzene was dried by distilling off 90 ml of benzene. While at 
0°, the solution was treated dropwise with 33.2 g (0.246 mol) of 
trichlorosilane. The ice bath was removed and within 30 min a 
homogeneous solution resulted. This solution was stirred for 1 
hr at room temperature, whereupon slight cloudiness occurred. 
The solution was cooled to about 0° and 125 ml of 30% NaOH 
solution was added cautiously. Considerable foaming occurred. 
The benzene layer was then removed and the aqueous layer was 
extracted three times with benzene. The combined benzene 
portions were dried and filtered through glass wool to remove the 
drying agent. The total volume of benzene solution was 300 ml. 
A 10.0-ml aliquot required 45.30 ml of a 0.0245 M  I2 solution 
(standardized against As20 3), indicating 0.0333 mol (67.5%) of 
phospholane to be present. Another 10-ml aliquot was treated 
with an excess of methyl bromide and stirred for 46 hr. The 
resulting salt (0.05 g, 70.7% based on starting oxide) after re
crystallization from methanol-ethyl acetate had mp 167-169°. 
The pmr and ir spectra were identical with those of the salt (mp 
172°) obtained3 by treating 3,4-dibromo-l-methylphospholane 
with benzyl bromide.

l-Benzyl-3,4-dibromophospholane Oxide.— To a well-stirred 
mixture of 21.1 g (0.120 mol) of l-benzyl-3-phospholene and 100 
ml of cyclohexane at 5° was added dropwise a solution of 38.0 g 
(0.24 mol) of bromine in 50 ml of cyclohexane. A hard, granular 
orange solid formed. After the addition was complete, the re
action mixture was stirred for 1 hr at room temperature and then 
filtered; the resulting orange solid was immediately hydrolyzed 
with ice, giving an orange, gummy substance. This gum was 
dissolved and removed from the aqueous layer by several ex
tractions with chloroform (total volume about 1.2 1.). Removal 
of chloroform from the extracts left a solid residue which was re
crystallized from isopropyl alcohol, giving 37.0 g (87.8%) of 
white needles, mp 158-159°.

A n a l .  Calcd for CnHi3Br2OP: C,37.53; H, 3.72; Br, 45.40; 
P, 8.79. Found: C, 37.48; H, 3.86; Br, 45.03; P, 8.65.

The oxide was also obtained (89.9% yield) by addition of 
bromine to the phospholene oxide, following a published pro
cedure.14

1-Benzylphosphole (1) by Method A.— A solution of 16.4 g 
(0.0488 mol) of l-benzyl-3,4-dibromophospholane in 475 ml of 
benzene was treated with 22.6 g (0.200 mol) of potassium t e r t -  

butoxide over a 45-min period at room temperature. The re
action was mildly exothermic and was accompanied by rapid 
darkening of the solution. After an additional 3 hr, 10 g of ice 
was added and, after stirring for 45 min, the benzene layer was 
removed and then washed twice with 25 ml of saturated NaHC03 
solution. Distillation gave 3.89 g at 76-81° (0.3 mm). Gc of

this distillate showed two peaks in the ratio of 4 :1 ; the minor 
peak was l-benzyl-3-phospholene from its 31P nmr chemical shift 
and gc retention time. It was removed by washing the crude 
product (in 10 ml of benzene) with four 10-ml portions of 2 N  

HC1, then with two 10-ml portions of saturated NaHCOa solution, 
and finally with 5 ml of water. The solution was dried (MgSO,) 
and then distilled (71-72°, 0.2 mm) to give 2.22 g (26%) of 1. 
This liquid solidified upon standing, mp 34+34.5° (sealed capil
lary). Gc showed less than 2%  of phospholene remaining; nmr, 
see Table II; uv (95% ethanol) Xma* 286 nm (log e 3.56); benzyl 
bromide salt, see Table I. An attempt to prepare 1 by method 
C from the benzylphosphonous dibromide-butadiene adduct gave 
less than 2%  of a crude product.

l-(2-Phenylethyl)-3-phospholene.— Using the procedure em
ployed for the preparation of l-benzyl-3-phospholene, /3-phen- 
ethylmagnesium bromide [from 3.30 g (0.136 g-atom) of mag
nesium and 21.0 g (0.114 mol) of freshly distilled /3-phenethyl 
bromide in 150 ml of dry ether] was added to 17.2 g (0.103 mol) 
of l-bromo-3-phospholene7 in 50 ml of dry ether. The product 
was worked up also as before. Distillation gave 14.3 g (76.4%): 
bp 85-94° (0.1-0.2 mm); pmr (neat, external TMS) 8 5.93 (d, 
sJph =  7 Hz, H C = C H ); 31P nmr (neat) 8 +29.9. The salt 
formed with methyl bromide in benzene had mp 156-158° after 
two recrystallizations from methanol-ethyl acetate; pmr 
(CF3COOH, external TMS) 8 5.97 (d, 3/ ph =  28 Hz, H C = C H ),
2.35 (d, 2/ ph =  15 Hz, PCH3).

A n a l .  Calcd for C13H18BrP: C, 54.75; H, 6.35; Br, 28.02; 
P, 10.86. Found: C, 54.36; H, 6.57; Br, 27.88; P, 10.87.

3.4- Dibromo-l-(2-phenylethyl)phospholane Oxide.— Using the 
procedure for the bromination of l-benzyl-3-phospholene oxide,
1.3 g (0.068 mol) of l-(2-phenylethyl)-3-phospholene in 125 ml 
of cyclohexane was treated with 21.9 g (0.137 mol) of bromine in 
25 ml of cyclohexane. The product was recrystallized twice from 
aqueous methanol to give 20.6 g (82.3%) of a light tan solid, mp
116-117.5°.

A n a l .  Calcd for Ci2H1EBr2OP: C, 39.38; H, 4.13; Br, 43.66; 
P, 8.46. Found: C, 39.68; H, 4.33; Br, 43.60; P, 8.54.

3.4- Dibromo-l-(2-phenylethyl)phospholane.—Using the same 
procedure as employed for the 1-benzyl compound, 18.5 g (0.0508 
mol) of 3,4-dibromo-l-(2-phenylethyl)phospholane oxide in 450 
ml of dry benzene was reduced with 27.7 g (0.203 mol) of tri
chlorosilane. The total volume of benzene solution after work-up 
was 425 ml; a 5.00-ml aliquot required 20.70 ml of 0.0224 M  I2 
solution, indicating 0.0394 mol (77.6%) of phospholane to have 
been formed.

The salt formed from another 10-ml aliquot with methyl bro
mide weighed 0.37 g (69.9%) and after three recrystallizations 
from methanol-ethyl acetate had mp 140-142°.

A n a l .  Calcd for Ci3HisBr3P: C, 35.09; H, 4.08; Br, 53.87; 
P, 6.96. Found: C, 34.81; H, 4.01; Br, 53.78; P, 7.07.

l-(2-Phenylethyl)phosphole (2).— Using method A as employed 
for the preparation of 1, 13.3 g (0.039 mol) of 3,4-dibromo-l-(2- 
phenylethyl)phospholane in 410 ml of benzene was dehydro- 
brominated with 11.0 g (0.098 mol) of potassium iert-butoxide. 
Distillation gave 1.70 g of tan liquid, bp 91-93° (0.2 mm). Gc 
(170°) showed two peaks in a ratio of 3:2. The minor peak was 
shown to be l-(2-phenylethyl)-3-phospholene by 3IP nmr and gc. 
After the acid wash, distillation gave 0.74 g (10.1%), bp 91-92° 
(0.2 mm), free of phospholene (gc): nmr, see Table II; uv (95% 
ethanol) 284 nm (log e 3.93); benzyl bromide salt, see Table I.

l-(p-Chloro-2-phenylethyl)-3-phospholene.—Using the proce
dure employed for the 1-benzyl compound, p-chloro-/?-phenethyl- 
magnesium bromide [prepared from 5.84 g (0.240 g-atom) of 
magnesium and 45.6 g (0.209 ml) of freshly distilled p-chloro-£i- 
phenethyl bromide33 in 275 ml of dry ether] was added to 31.6 g 
(0.190 mol) of l-bromo-3-phospholene7 in 80 ml of dry ether. 
Distillation gave 22.6 g (53.4%) at 124-131° (1.2 mm): pmr 
(neat, external TMS) 6.12 (d, 3Jph =  8 Hz, H C=C H ); 31P nmr 
(neat) 8 +28.6. The phospholene was used directly in the next 
step of the phosphole synthesis.

3,4-Dibromo-1- (p-chloro-2-phenylethyl )phospholane Oxide.—  
Using the same procedure as for the 1-benzyl compound, 20.4 g 
(0.091 mol) of l-(p-chloro-2-phenylethyl)-3-phospholene in 150 
ml of cyclohexane was treated with 29.0 g (0.182 mol) of bromine 
in 30 ml of cyclohexane. The product was recrystallized three 
times from aqueous methanol, giving 26.9 g (74.5%), mp 124- 
126°. 39

(39) R .  W . Griffin, J . D . Gass, M . A . B erw ick , and R . S. Shulm an, J .  O r g .  
C h e m .,  29, 2109 (1964).
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Anal. Calcd for Ci2Hi4Br2C10P: C, 35.99; H, 3.52; P,
7.73. Found: C, 35.78; H, 3.32; P, 7.73.

3.4- Dibromo-1-(p-chloro-2-phenylethyl (phospholane.— Using 
the same procedure as for the 1-benzyl compounds, 25.0 g (0.0628 
mol) of 3,4-dibromo-l-(p-chloro-2-phenylethyl)phospholane oxide 
in 450 ml of dry benzene was reduced with 34.0 g (0.251 mol) of 
trichlorosilane. The total volume of the benzene solution was 
470 ml; a 5.00-ml aliquot required 23.40 ml of 0.0232 M I2 solu
tion, indicating 0.0543 mol (81.3%) of phospholane to have been 
formed. The phospholane was not isolated from the benzene 
solution, but was used directly in the next step.

l-(p-Chloro-2-phenylethyl)phosphole (3).— Using method A as 
in the preparation of 1, 18.9 g (0.049 mol) of 3,4-dibromo-l-(p- 
ehloro-2-phenylethyl)phospholane in 455 ml of benzene was de- 
hydrobrominated with 14.3 g (0.127 mol) of potassium tert- 
butoxide. Distillation gave 3.91 g of a tan liquid, bp 123-135° 
(0.85 mm). Gc (170°) indicated two products in a 3:1 ratio, the 
minor one being l-(p-chloro-2-phenylethyl)-3-phospholene. After 
the acid wash, distillation gave 1.91 g of 3 (17.3%), bp 118-122° 
(0.7 mm), containing only 2%  of phospholene (gc): nmr, see 
Table II; uv (95% ethanol) 285 nm (log e 3.85); benzyl 
bromide salt, see Table I.

Quatemization of l-Bromo-3,4-dimethyl-3-phospholene. A. 
With Methyl Bromide.— A mixture consisting of 9.73 g (0.050 
mol) of l-bromo-3,4-dimethyl-3-phospholene, 5 ml (ca. 0.10 mol) 
of methyl bromide, and 25 ml of cyclohexane was placed in a 
brown, narrow-mouth bottle and the cap was then sealed. After 
2 months, the precipitated white solid was collected, washed with 
«-pentane, and dried (5.4 g, 37.4% ). A sample on hydrolysis 
gave the known14 1,3,4-trimethylphospholene oxide.

B. With Benzyl Bromide.— A mixture of 34.2 g (0.175 mol) 
of l-bromo-3,4-dimethyl-3-phospholene, 30.6 g (0.18 mol) of 
benzyl bromide, and 80 ml of cyclohexane after standing for 5 
weeks gave 37.5 g (58.8%) of salt, used directly in the synthesis 
of 4.

l-Benzyl-3,4-dimethylphosphole (4).— To 32.7 g (0.090 mol) of
l-bromo-l-benzyl-3,4-dimethyl-3-phospholenium bromide from 
above in 250 ml of benzene at room temperature was added drop- 
wise a solution of 29.0 g (0.190 mol) of DBU in 50 ml of benzene. 
The solution was stirred for 45 min and then refluxed for 3.5 hr. 
The solution was filtered through a sintered glass funnel and then 
distilled to give 8.77 g of tan liquid, bp 83-107° (0.3 mm). 
After an acid wash, a second distillation gave 5.23 g (28.6%), bp 
92-94° (0.3 mm). Less than 2%  1-benzyl-3,4-dimethyl-3- 
phospholene32 remained (gc): nmr, see Table II; uv (95%
ethanol) \mB.x 280 nm (log e 3.26); benzyl bromide salt, see 
Table I.

l-Benzyl-3-methylphosphole (5).— Using the same procedure,
22.0 g (0.063 mol) of the benzylphosphonous dibromide-isoprene 
cycloadduct in 100 ml of benzene was dehydrobrominated with a 
solution of 21.0 g (0.133 mol) of DBU in 25 ml of benzene. 
The product was worked up as before. Final distillation gave 
0.88 g (7.4% ), bp 84-85° (0.3 mm). Gc indicated only the 
phosphole to be present: nmr, see Table II; uv (95% ethanol) 
Xmax 285 nm (log e 3.58); benzyl bromide salt, see Table I.

1.2- Dimethylphosphole (6).— To 26.8 g (0.145 mol) of the 
cycloadduct40 of CH3PC12 and 1,3-pentadiene in 150 ml of petro
leum ether (bp 30-60°) and 50 ml of methylene chloride was 
added 44 g (0.29 mol) of DBU in four portions over 10 min. 
The reaction was moderated with an ice bath. The mixture was 
stirred at 25° for 3.5 hr, insoluble material was separated, and 
then the upper (organic) layer was recovered, washed with water, 
and dried over M gS04. Distillation gave 2.2 g (14%) of 6, bp 
98-100° (500 mm). Gc (OY-17 at 100°) showed the presence of 
6%  of l,2-dimethyl-3-phospholene.40 Nmr data (Table II) were 
collected on the 1,2-dimethylphosphole without purification. 
The phosphole was analyzed as its methyl iodide salt (Table I).

1.3- Dimethylphosphole (7).— A slurry of 5.2 g (0.03 mol) of 
the cycloadduct14 of CH3PC12 and isoprene in 50 ml of petroleum 
ether and 10 ml of methylene chloride was treated with a solution 
of 9.35 g (0.06 mol) of DBU and 10 ml of methylene chloride; 
30 ml of methylene chloride was then added to thin the slurry. 
The product was worked up as for 6, giving 0.4 g (12%) of 7, bp 
110-112° (500 mm). Gc (OV-17 column at 100°) showed the 
presence of only one component. Nmr data are given in Table 
II. Analysis of the methiodide, recrystallized from methanol- 
ether, is given in Table I.

1.3.4- Trimethylphosphole (8).— The adduct14 of 2,3-dimethyl-

(40) L. D . Quin and T . P. B arket, J .  A m e r .  C h e m . S o c . ,  92, 4303 (1970).

butadiene and CH3PC12 was placed in a mixture of 150 ml of 
dry petroleum ether and 40 ml of dry methylene chloride. 
With gentle stirring, 43 ml (66 g, 0.43 mol) of DBU was added 
in four portions over a 10-min period. The reaction and work-up 
were conducted as for 6. Distillation gave 3.5 g (12.7%) of 8, 
bp 135-136° (500 mm) [lit.5 bp 60° (15 m m )]. Gc (OV-17 at 
125°) showed 1% of l,3,4-trimethyl-3-phospholene14 to be present. 
Analysis of the methiodide, recrystallized from methanol-ether, 
is given in Table I; nmr data for 8 are in Table II.

l-Methyl-3-phospholene 1-Oxide 3-Carboxylic Acid and Its 
Methyl Ester.—T o a solution of 200 ml of anhydrous tetrahydro- 
furan (THF) and 165 ml of 2.38 M n-butyllithium (0.39 mol) in 
hexane at —75° was added dropwise a solution of 41.6 g (0.36 
mol) of freshly distilled l-methyl-3-phospholene 1-oxide. A 
yellowish-orange color developed. Stirring was continued for 10 
min and then the solution was transferred into a vigorously 
stirred Dry Ice-ether slurry, avoiding contact with the at
mosphere. The reaction mixture (a white slurry) was stirred for 
several hours without temperature control, and then hydrolyzed 
with 500 ml of water. The aqueous solution was separated and 
acidified with 250 ml (wet volume) of Dowex 50-WX8 (H+) ion 
exchange resin. After C 0 2 evolution had ceased, the supernatant 
liquid was passed through a column (5 X 50 cm) of fresh resin to 
complete the acidification. The resin was eluted with water until 
the pH of the eluate was 6.5-7.0. The solution was evaporated 
in vacuo; the gummy yellow residue was dried further over P20 5 
in a vacuum oven (40°, 1 mm, for 24 hr). The residue was 
dissolved in 150 ml of hot chloroform and placed in a freezer for
4-8 hr. From this solution 7.0 g of a white solid precipitated; 
reduction of the filtrate volume to 100 ml gave more solid. By a 
process of adding benzene and then reducing the solution volume, 
repeated several times, additional crops of solid were obtained 
(total 32.3 g, 56% ). The product was a mixture of the desired 
compound (30%) and the isomeric 2-phospholene oxide 3- 
carboxylic acid (70%). They were not readily separated and the 
mixture was subjected directly to esterification with methanol 
containing concentrated sulfuric acid (2 drops to 50 ml for a 2-g 
sample). After 10 hr reflux, the methanol was stripped off and 
the residue was dissolved in water. The solution was neutralized 
with sodium bicarbonate and extracted three times with chloro
form. The combined organic extracts were dried (Na2S04) and 
stripped of solvent on a rotary evaporator. The residual oil was 
further dried at 1 mm. The isomer separation was then ac
complished by placing the residue in benzene and after 7 days 
adding ether until a yellow oil (a polymer of the 2-phospholene 
derivative) dropped out of solution. The solution was decanted 
from the oil, and removal of the solvent gave the desired methyl
l-methyl-3-phospholene 1-oxide 3-earboxylate (80% from the 
corresponding acid). The isomers were also separable on a silica 
gel chromatographic column. Tile compound was not readily 
purified by distillation because of instability. The crude sample 
sufficed for spectral identification: pmr (CDC13, internal TM S)
5 6.96 (d, 3/ ph =  31 Hz, C = C H ), 3.79 (s, OCH3), 2.82 (4 H, d, 
>/rH =  11 Hz, ring CH2), 1.73 (d, 2</ph =  13.5 Hz, PCH3); ir 
(neat) »c-o  1720, xC=c 1630, rco 1280, 1215, pp- o 1175 c m '1.

Methyl l-Methyl-3-phospholene-3-carboxylate.— A solution of
2.5 g (0.016 mol) of methyl l-methyl-3-phospholene 1-oxide 3- 
carboxylate and 100 ml of benzene was first dried by distilling off 
20 ml of benzene, and then cooled to 5° for dropwise addition of
6.7 g (0.05 mol) of trichlorosilane in 10 ml of benzene. After the 
addition was complete, the solution was stirred at 25° for 4 hr. 
The flask was placed in an ice bath and several pieces of ice were 
added to destroy excess trichlorosilane. To the white, gelatinous 
mixture, 50 ml of 40% sodium hydroxide solution was added 
slowly with stirring. The benzene layer was recovered, washed 
with 10 ml of water, and dried over sodium sulfate. Distillation 
gave 0.70 g (32% ): bp 41-42° (0.1 mm); pmr (CDC13, external 
TM S) 5 7.34-7.58 (m, C = C H ), 4.23 (s, OCH3), 2.4-3.6 (4 H, m, 
CH2), 1.45 (d, 2J pH = 3 Hz, PCH3); 31P nmr (CDC13) S +33.5. 
The methiodide, recrystallized from isopropyl alcohol-ether, had 
mp 189-191°.

Anal. Calcd for C8H14I 0 2P: C, 32.02; H, 4.70; P, 10.32. 
Found: C, 31.85; H, 4.99; P, 10.40.

Methyl l-Methylphosphole-3-carboxylate (9).— A solution of
2.1 g (0.013 mol) of methyl l-methyl-3-phospholene-3-carboxylate 
in 100 ml of petroleum ether cooled with an ice bath was treated 
dropwise with 2.1 g (0.013 mol) of bromine in 30 ml of methylene 
chloride. The precipitated phospholenium bromide (yellow) was 
allowed to settle and the solvent was decanted. The solid was 
then washed twice with 50-ml portions of petroleum ether,



1866 J . Org. Chem., Vol. 38, No. 10, 1973 Quin, B orelske, and Engel

covered with 30 ml of benzene, and while at 0-5° treated with a 
solution of 4.0 g (0.026 mol) of DBU and 10 ml of benzene, added 
in three portions over a 10-min period. Slight darkening was 
observed; 40 ml of methylene chloride was added (10 min), during 
which time the slurry turned black. Vigorous stirring was con
tinued at 0-5° for 3 hr. The mixture was filtered from a gummy 
solid and the filtrate was washed twice with 50-ml portions of 
deoxygenated water. Gc (SE-30, 150°) indicated the presence 
of one component with a retention time of 5 min; no need was 
indicated for acid washing. The dried (Na2S04) solution was 
distilled at 20 mm to remove solvent. The black residue was 
then rapidly distilled directly into a receiver chilled by a Dry 
Ice-acetone bath. A total of 0.47 g (23%) of 9 was collected at 
40-50° (0.1 mm). The liquid remained colorless in the Dry Ice- 
acetone bath, but darkened rapidly at 25° and precipitated black 
solid. The purity of the product (gc, 150°, 5 min retention time) 
exceeded 95%; the impurity was methyl l-methyl-3-phospholene-
3-carboxylate (4 min retention). The nmr data (Table II) were 
collected on the sample without further purification. Quaterniza- 
tion with methyl iodide was very slow and gave salt badly con
taminated with the decomposition material. It could not be 
successfully analyzed. The mass spectrum of 9 showed a molecu
lar ion of m / e  156.0334 (calcd for C7H9O2P, 156.0341) (at 17.5% 
abundance, it was the base peak); uv (cyclohexane) Xmax 307 nm; 
ir (neat) vcu  3110, vc=o  1720, vc=c  1535, vco  1250 and 1186; 
1075 (s), 1062 (s), 888 (m), 793 (s), 740 (s), and 700 cm“1 (s).

l,4-Dimethyl-3-phospholene 1-Oxide 3-Carboxylic Acid and Its 
Methyl Ester.— A solution of 300 ml of THF, 30 ml of tetramethyl- 
ethylenediamine, and 73 ml of 2.5 M  n-butyllithium at —75° was 
treated with a solution of 21.4 g (0.17 mol) of l,3-dimethyl-3- 
phospholene 1-oxide in 25 ml of THF. As for the previously 
prepared acid, the mixture was carbonated, acidified by the ion- 
exchange procedure, and crystallized from chloroform and ben
zene. The yield was 8.5 g (30%), consisting of 70% of the desired 
compound and 30% of the isomeric l,3-dimethyl-2-phospholene
1-oxide 2-carboxylie acid. The unwanted isomer was readily 
removed by its greater solubility in chloroform; addition of 8 g 
of the mixture to about 50 ml of chloroform at room temperature 
completely removed the 2-phospholene and left the desired acid 
as a residue. Recrystallization from methanol-ether gave a 
sample of mp 193-195°: pmr (D20 , external TMS) 5 3.3-3.6 
(4 H m, CH2), 2.68 (broad s, CCH3), 2.27 (d, 2JPH = 14 Hz, 
PCH3); no C =C H  signal was present.

A n a l .  Calcd for C,Hu0 3P: C, 48.26; H, 6.37; P, 17.74. 
Found: C, 48.06; H, 6.36; P, 17.63.

The methyl ester was prepared by treating a refluxing mixture 
of 3.0 g (0.017 mol) of the acid in 75 ml of ¿erf-butyl alcohol con
taining 2.62 g (0.019 mol) of potassium carbonate with 2.43 g 
(0.019 mol) of dimethyl sulfate. After 5 hr of reflux, the mixture 
was filtered and solvent was stripped from the filtrate. The 
residue, in 75 ml of chloroform, was extracted with 20 ml of 0.5 
M hydrochloric acid. The organic solution was dried (Na2SOi) 
and stripped to leave 2.4 g of an oil (76%): pmr (CDC13, ex
ternal TMS) S 4.2 (s, OCH3), 3.1-3.5 (4 H, broad d, CH2), 2.7 
(s, CCH3), 2.15 (d, V ph =  13.5 Hz); 31P nmr (D20 ) 5 -6 8 .9 ;  
ir v c -o  1722, rc-c 1642, vco  1300, 1230, vf-o 1175 cm“1.

Methyl 1,4-Dimethyl-3-phospholene-3-carboxylate.— A solu
tion of 0.60 g (0.003 mol) of methyl l,4-dimethyl-3-phospholene
1-oxide 3-carboxylate and 100 ml of benzene was dried by distilling 
off 20 ml of benzene. A solution of 1.40 g (0.01 mol) of trichloro- 
silane and 10 ml of benzene was added dropwise over 15 min with 
ice-bath chilling. The reaction mixture was then stirred at 25° 
for 3 hr, and again cooled, and the excess trichlorosilane was 
destroyed by the addition of several pieces of ice and then 25 ml 
of 20% sodium hydroxide. The benzene layer was isolated, 
washed with 10 ml of H20 , and dried over sodium sulfate. Dis
tillation yielded 0.22 g (40%) of a colorless liquid: bp 73-74° 
(0.5 mm); pmr (CDC13, internal TMS) 5 3.75 (s, OCH3), 1.8-3.2 
(4 H, m, CH2), 2.21 (s, CCH3), 0.93 (d, V PH = 3 Hz, PCH3); 
31P nmr (neat) S +46.1. The methiodide (very hygroscopic), re
crystallized from isopropyl alcohol-ether, had mp 144.5-145.5°.

A n a l .  Calcd for C9Hi6I0 2P: C, 34.41; H, 5.13; P, 9.86. 
Found: C, 34.13; H, 5.62; P, 9.67.

Methyl l,4-Dimethylphosphole-3-carboxylate (10).— A solution 
of 1.11 g (0.0064 mol) of methyl 1,4-dimethyl-3-phospholene-3- 
carboxylate,15 5 ml of methylene chloride, and 90 ml of petroleum 
ether was treated with 1.14 g (0.0070 mol) of bromine in 10 ml of 
methylene chloride as in the synthesis of 9. The product was

treated with a solution of 1.9 g (0.013 mol) of DBU in 20 ml of 
benzene. After work-up, gc (OV-17 at 150°) indicated the 
presence of the starting phospholene, the phosphole, and DBU. 
The solution was therefore washed very rapidly with 20 ml of cold 
0.05 M  HC1. The organic layer was dried over sodium sulfate, 
and the solvent was stripped off at 20 mm. The black residue 
was rapidly distilled under high vacuum directly into a receiver 
chilled by a Dry Ice-acetone bath. Methyl 1,4-dimethyl- 
phosphole-3-carboxylate (0.25 g, 23%) was collected at 67° 
(0.3 mm). The colorless liquid obtained was unstable at 25°, 
but solidified in, and could be preserved in, a Dry Ice-acetone 
bath. The purity of the product (gc) exceeded 98%, with an im
purity of methyl l,4-dimethyl-3-phospholene-3-carboxylate. 
The base peak in the mass spectrum was the molecular ion of m / e  

170.0502 (calcd for CsHuChP, 170.0479) in 20.0% abundance; 
uv (cyclohexane) Xm  300 nm; ir (neat) »ch 3110, v c - o  1725, 
rc-c 1560, v c o  1250 and 1190, 1035 (s), 886 (m), 774 cm“1 (m).

Registry No.—1, 29853-74-5; 1 benzyl bromo salt 
dimer, 38863-80-8; 2, 38864-26-5; 2 benzyl bromo salt, 
38864-27-6; 3, 38864-28-7; 3 Mel, 38864-29-8; 4, 38864- 
30-1; 4 benzyl bromo salt, 38864-31-2 ; 5, 38864-32-3; 
5 benzyl bromo salt, 38857-58-8; 6, 38864-34-5; 6 M el 
dimer, 38884-24-1; 7, 38864-35-6; 7 M el dimer, 38884-
25-2; 8, 37739-99-4 ; 9, 36163-75-4; 10, 38864-38- 
9; benzylphosphonous dibromide-butadiene adduct, 
38864-39-0; l-benzyl-3-phospholene oxide, 38864-40-3; 
benzyl chloride, 100-44-7; l-bromo-3-phospholene, 
28273-34-9; l-benzyl-3-phospholene, 28278-53-7; 1- 
benzyl-3-phospholene methyl bromide salt, 1130-42-3;
l-chloro-2-phospholene oxide, 1003-18-5; 1-ben zy 1-2- 
phospholene oxide, 38864-45-8; 1-benzyl-2-phospholene, 
28278-52-6; l-benzyl-2-phospholene benzyl bromide 
salt, 38864-47-0; l-benzyl-3,4-dibromophospholane 
oxide, 38864-48-1; 1-benzyl-3,4-dibromophospholane,
38864-49-2; l-benzyl-3,4-dibromophospholane methyl 
bromide salt, 1130-42-3; /3-phenethyl bromide, 103- 
63-9; l-(2-phenylethyl)-3-phospholene, 38864-51-6; 1- 
(2-phenylethyl)-3-phospholene methyl bromide salt, 
38864-52-7 ; 3,4-dibromo-l-(2-phenylethyl)phospholane 
oxide, 38864-53-8 ; 3,4-dibromo-l-(2-phenylethyl)phos- 
pholane, 38864-54-9 ; 3,4-dibromo-l-(2-phenylethyl)- 
phospholane methyl bromide salt, 38864-55-0; p-chloro- 
/3-phenethyl bromide, 6529-53-9; l-(p-chloro-2-phenyl; 
ethyl)-3-phospholene, 38864-56-1; 3,4-dibromo-l-(p- 
chloro-2-phenylethyl)phospholane oxide, 38864-57-2-
3.4- dibromo-l-(p-chloro-2-phenylethyl)phospholane,
38864-58-3; l-brom o-3,4-dim ethyl-3-phospholene, 
28273-33-8; l-brom o-l-benzyl-3,4-dim ethyl-3-phos- 
pholene bromide, 38906-68-2; benzyl phosphonous 
dibromide-isoprene adduct, 38864-60-7; cycloadduct of 
C H 3P C I 2 and 1,3-pentadiene, 38864-61-8; cycloadduct 
of C H 8P C 1 2 and isoprene, 36044-15-2; cycloadduct of 
C H 3P C I 2 and 2,3-dimethylbutadiene, 38864-63-0; 1- 
methyl-3-phospholene 1-oxide 930-38-1; l-methyl-3- 
phospholene 1-oxide 3-carboxylic acid, 38864-65-2; 
methyl l-methyl-3-phospholene 1-oxide 3-carboxylate, 
38864-66-3; methyl l-methyl-3-phospholene-3-carbox- 
ylate, 36163-72-1; methyl l-methyl-3-phospholene-3- 
carboxylate methyl iodide salt, 36163-73-2; 1,3-di- 
methyl-3-phospholene 1-oxide, 15450-79-0; 1,4-
dimethyl-3-phospholene 1-oxide 3-carboxylic acid, 
38864-70-9; l,4-dimethyl-3-phospholene 1-oxide 3-car
boxylic acid methyl ester, 38864-71-0; methyl
1.4- dimethyl-3-phospholene-3-carboxylate 38864-72-1; 
methyl l,4-dimethyl-3-phospholene-3-carboxylate 
methyl iodide salt, 38864-73-2.
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Base-Induced Rearrangement of 
Ethane-2-chloro-1 -hydroxy-1,1 -diphosphonie Acid

0. T. Quimby, W. A. C illey, J. B. Prentice, and D. Allan N icholson*

P r o c t e r  &  G a m b l e  C o m p a n y ,  M i a m i  V a l l e y  L a b o r a t o r i e s ,  C i n c i n n a t i ,  O h i o  4 £ 2 S 9  

R e c e i v e d  N o v e m b e r  9 ,  1 9 7 2

Ethane-2-chloro-l-hydroxy-l, 1-diphosphonic acid is readily dehydrohalogenated on treatment with aqueous 
base. The rate of chloride loss displays a first-order dependency on the concentration of the parent diphos
phonate, and is greatly influenced by the degree of neutralization of the parent acid. The product isolated 
after all chloride has been removed is NaA)3PCH2C(0 )P0 3Na2, wherein one of the geminal phosphonate groups 
has undergone a 1,2 shift. This structure is deduced from 31P, 'H, and 13C nmr spectra, and is consistent with 
ir and uv spectral patterns. Stabilities of various acid and salt forms of this new carbonyl phosphonate are 
discussed and its conversion to ethane-l-hydroxy-l,l,2-triphosphonic acid v i a  addition to the carbonyl group 
is demonstrated.

Recent publications from these laboratories have 
described general methods of preparation of alkyl-
1-hydroxy-l, 1-diphosphonic acids1’2 and their esters.3 
In exploring methods for converting one such com
pound, ethane - 2 - chloro -1  - hydroxy - 1 ,1 - diphosphonie 
acid, to another, ethane-l-hydroxy-l,l,2-triphosphonic 
acid, the complex solution chemistry described in this 
paper was elucidated.

The preparation of ethane-2-chloro-l-hydroxy-l,l- 
diphosphonic acid (I) from chloroacetic acid and

CICEbCOH
I

p o 3h 2
I

P4O6 has been briefly described.1 Phosphorus and pro
ton nmr spectra are consistent with the assigned struc
ture. The 31P nmr spectrum (aqueous solution) con
sists of a triplet centered at 5 —15.6 ppm (Jh- p = 
11 Hz). The CH2 protons appear as a triplet in the 

nmr spectrum centered at r 5.38 ppm (J =  11.5 
Hz).

The acid form of I is stable in water to a tempera
ture of ~ 100°, whereupon slow decomposition begins 
(oxygen was not excluded from the system). The 
phosphorus-containing product of this decomposi
tion is H3PO4. When I is titrated with aqueous 
base, dehydrohalogenation occurs. If I remained 
intact at high pH, the expected titration curve, based 
on the behavior of analogous diphosphonie acids,1 
would have end points at 2, 3, and 4 equiv of base. 
Titration curves A and B of Figure 1 indicate a normal 
first end point (2 equiv). This was substantiated by 
silver nitrate titration, which showed that no free 
Cl-  was present in solution at this point.

After 5 equiv of base had been added, the theoretical 
amount of Cl-  was present regardless of the rate of 
titration. The large difference in the amount of base 
required to reach the second end point (3.16 vs. 4.00 
equiv) demonstrates a dependency of the rate of Cl“  
loss on the speed of titration. Curve C is a reverse 
titration of the solution resulting from either A or B 
and suggests that a new compound has been formed 
with different acid-base properties.

(1) J. D . C urry, D . A . N icholson , and O . T . Q u im by, “ T op ics  in P h os
phorus C h em istry ,”  V o l. 7, W iley , N ew  Y ork , N . Y . ,  1972.

(2) J. B . P rentice, O. T . Q uim by, R . J. G rabenstetter, and D . A . N ich o l
son, J .  A m e r .  C h e m . S o c . ,  94, 6119 (1972).

(3) D . A . N icholson  and H . V aughn, J .  O r g . C h e m .,  36, 3843 (1971).

Simple rate studies revealed that the release of free 
chloride ion was first order with respect to I, indepen
dent of the chloride ion concentration but dependent 
on the ionic charge of I. The first-order rate expres
sion, log [I], plotted vs. time was linear for over 80% 
of the reaction at pH values of 7.0, 9.0, and 10.0. 
The apparent first-order rate constant, fcapp, was un
affected by the substitution of 0.1 M  NaCl, as an 
ionic medium, for 0.1 M  K N 03. While fcapp increased 
by only a factor of 1.3 as the pH was raised from 7.0 
(fcapp =  1.5 X 10“ 3 sec-1) to 9.0 (fcapp = 2.0 X  10“ 3 
sec“ 1), it increased by a factor of 3.7 (to fcapp = 7.4 X 
10“ 3 sec“ 1) as the pH was increased from 9.0 to 10.0. 
This indicates that the dehydrohalogenation reaction 
is not simply base catalyzed, but proceeds by parallel 
pathways at different rates depending on the ionic 
form of the reactant ion. The apparent rate con
stant is a combination of the true rate constants for 
the individual ionic species.

The product of complete dehydrohalogenation is 
Na20 3PCH2C (O) P 0 3Na2 (II). Evidence for this struc
ture comes from elemental analysis, 31P, ‘H, and 13C 
nmr (Table I), and ir and uv spectroscopy.

Table I
Nmr Spectral Data

C ou nter
ion  in 

M 2OaP-
CHïC(O)- «P, s

POaMa (5 0 % ) Mult -H, r Mult 1SC, i Mult
Na, -1 1 .9 4 6.29 2 148.4 4

- 0 . 3 2 - 8 . 7 4
h 4 - 1 6 .3 4 5.92 2

+ 3 .8 2

The splittings found in the nmr spectra of II and 
its corresponding acid are not what would be expected 
on the basis of first-order calculations. They are, 
however, interpretable as follows. Consider Na203- 
PCH2C (0 )P 03Na2 as a compound in the A M X 2 system 
where A is the phosphorus attached to the -C H 2-, 
M is the phosphorus attached to the > C = 0 , and X 2 
are the two methylene protons. The 31P and 'H  nmr 
spectra are then consistent with coupling constants 
of J a - x  = 18-21, / a - m  = 16-18, Jm - x  = <1 Hz.

O
- 3(03P)CHi:(P03) -3 

(A) (X2) (M)
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Figure 1.— Titration of C1CH2C(0H)(P03H2)2 with NaOH: 
curve A, fast titration, 0.28 equiv/min, total time 10.5 min; 
curve B, slow titration, 0.037 equiv/min, total time 110 min; 
curve C, reverse titration of solution resulting from A or B.

Nucleus A appears as a quartet, i.e., a 1-2-1 triplet 
from the X 2 splitting doubled by the M splitting such 
that the two 1-2-1 triplets add to form a 1-3-3-1 
quartet. Nucleus M appears as a doublet split only 
by nucleus A. Nuclei X 2 also appear as a doublet 
split only by nucleus A. The M -X  coupling is 
too weak to be observed in either 81P to nmr.

Such a small coupling constant for PUCH is unusual 
but not without precedent. Although PCCH cou
pling constants are normally in the range of 15-19 
Hz,4 5 compounds are known wherein much smaller 
values have been observed. A noteworthy example 
has been described by Peterson.6 In the phosphine 
sulfide

SP

HaI He
1

-G —
j

-CCfCHah
1|

c o 2h
1

Hy

JpccHy = 19 Hz, while Jpcch  ̂ =  2.5 Hz.
The 13C nmr spectrum further substantiates this 

interpretation. The resonance at —8.7 ppm with 
respect to CS2 corresponds to that of a carbonyl car
bon. It appears with a major splitting into a doublet 
caused by phosphorus M, and very minor further split
ting by coupling with phosphorus A. This secondary 
splitting further shows small perturbations owing to 
phosphorus-phosphorus coupling. The methylene car
bon appears at 148.4 ppm as a doubled doublet, the 
major splitting being due to phosphorus A and further 
splitting caused by phosphorus M. There is no 
observable 13C -13C coupling since the experiment was 
performed with natural abundance 13C, requiring the 
averaging of 8000 scans to obtain the spectrum.

An infrared spectrum of II in D20  showed methylene 
vibrations at 2860, 2920, and 2960 cm” 1, and strong 
absorption at 980 and 1635 cm“ 1’, assigned to a P -0  
stretch and the phosphonate-coupled carbonyl, re
spectively. An ultraviolet spectrum of II in aqueous

(4) V . M ark, C . H . D ungan , M . M . C rutchfield , and J. R . V an  W azer, 
“ T op ics  in  Phosphorus C h em istry ,’ ’ V ol. 5 : W iley , N ew  Y ork , N . Y .,  1967, 
pp  227 -457 .

(5) D . J. Peterson, J .  O rg . C h e m .,  31, 950 (1966).

solution exhibited an absorption band at 344 nm (e 
~90), which we ascribe to the carbonyl n —► w* transi
tion.

Equation I describes a possible route to II. Rear
rangements of a,/3-epoxyalkylphosphonate esters have

/ ° \
H2C— -C  — *

\  \
' ' — P 03Na2_

0
II

Na20 3PCH2CP03Na2 (1)

been extensively studied by Churi6 and his observa
tions are consistent with the above 1,2 migration of 
phosphorus. Phosphorus nmr experiments were de
signed in an attempt to detect the epoxide intermediate 
suggested in eq 1. Sufficient NaOH was added to an 
nmr tube containing aqueous I to bring the pH to
7.0. Immediate scanning of these solutions failed 
to provide any evidence for the intermediate; all 
resonances detected were assignable to either I or II 
(Na2 salts). Our conclusion is that whatever inter
mediate is involved in this rearrangement is short
lived with respect to the nmr time scale or is not formed 
in sufficient concentration to be detected by 31P nmr.

When the neutralization in eq 1 was carried out with 
ammonium hydroxide, the solid tetraammonium salt 
precipitated from aqueous solution as well-formed, 
hydrated crystals. Ion exchange or titration to a pH 
of 1-2 allowed the isolation of the corresponding acid. 
The free acid was slow to crystallize but was obtained 
as either the monohydrate7 from concentrated aqueous 
solutions or as the anhydrous acid from acetic acid 
solution.

The free acid, H203PCH2C(0 )P0 3H2, is much more 
stable toward hydrolysis than would be expected 
based on the known instability of 1-ketophosphonates.8 
The rate of decomposition has not been thoroughly 
studied, but this acid was found to be stable in aqueous 
solution for 2-3 hr at 70°. It was completely decom
posed when refluxed in aqueous solution for 48 hr. 
The fully neutralized salt, II, is stable for long periods 
of time to hot aqueous base. In this respect it is 
reminiscent of tetrasodium carbonyldiphosphonate.9

Using the general conditions outlined for the reac
tion of acylating agents and P(III) sources,1-2 it was 
found that PC13 reacted with H20 3PCH2C (0 )P 03- 
H2-H20  in di-n-propvl sulfone solvent to form, after 
hydrolysis, ethane-l-hydroxy-l,l,2-triphosphonic acid 
in nearly quantitative yields. Authentic H20 3PCH2- 
C (0H )(P 03H2)2 was prepared from phosphonoacetic 
acid1 and shown to be identical with the product 
(after hydrolysis) of H20 3PCH2C (0 )P 03H2 +  PC13.

C1CH2C (0H XP03H2)2 5NaOH

(6) R . H . Churi, Thesis, U niversity  o f  P ittsburgh , 1966.
(7) A  referee has suggested th at the w ater o f  h ydration  m ight a ctu a lly  

be present as the carbon yl hydrate, H 20aP C H 2C (0H )2P03H2. T h e  !1P 
nm r spectrum  w ould seem  to  rule this out, since such  h ydration  w ou ld  sh ift 
the contiguous phosph onate resonance som e 15 p p m  dow n fie ld .9 Such a  sh ift 
is n ot observed-

(8) G , M . K osolapoff, “ O rganophosphorus C om p ou n d s,”  W iley , N ew  
Y ork , N . Y . ,  1950, p 139.

(9) O . T . Q uim by, J. B . Prentice, and D . A . N ich olson , J .  O r g . C h e m .,  
32, 4111 (1967).
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Experimental Section
Elemental analyses were carried out by the Analytical Section 

of these laboratories. Temperatures reported herein are un
corrected.

The phosphorus nmr spectra were measured using spinning 9- 
mm glass tubes with a Varian HR-60 spectrometer operating at
24.3 MHz. Chemical shifts are accurate to ± 0 .5  ppm. Side
band calibration was used. A Varian HR-60 spectrometer was 
used to obtain the proton spectra. A Bruker HX-90 pulsed 
Fourier transform nmr spectrometer with a Nicolet 1084 com
puter system was used to obtain the 13C nmr spectra. Chemical 
shifts are reported as parts per million from an external CS2 refer
ence. Since the nmr spectra are adequately discussed in the 
text, they will not be repeated here. Infrared spectra of D 20  
solutions were recorded on a Perkin-Elmer Model 421 recording 
spectrophotometer. Ultraviolet spectra were recorded on a 
Cary Model 11 spectrometer.

Phosphonoacetic acid, chloroacetic acid, and di-n-propylsul- 
fone were purchased from various chemical supply houses.

C1CH2C (0 H )(P 0 3H 2) (P 0 3H N H 4) from  ClCH2C O O H .—  
Chloroacetic acid (219 g, 1.2 mol) was heated to 62° to form a 
mixed liquid and crystalline slush. Phosphorus trioxide (22.1 g, 
0.1 mol) was added with rapid stirring. The temperature 
dropped to 55° and the reaction mixture became clear. This 
solution was then heated to 65° and maintained there for 18 hr. 
The resulting condensates were hydrolyzed by adding 14.4 g of 
water, whereupon the solution was stirred at 65° for an additional 
21 hr. The NH4H3 salt was precipitated from the clear solution 
by adding 14.1 g of ammonium acetate to the reaction solution 
at 60°. After 2-hr digestion the splids were removed by filtra
tion, washed with ethyl ether, and air dried (yield 33.9 g, 66%). 
The solid had mp 159-160° and assayed as 100% ClCH2C(OH)- 
(P03H2)(P03HNH4) by acid-base titration.

A n a l .  Calcd for C2H10O7P2NCl: C, 9.3; H, 3.5; P, 24.1; 
N, 5.4; Cl, 13.8. Found: C, 9.5; H, 3.9; P, 24.6; N, 5.5; 
Cl, 13.8.

Preparation of Na203PCH 2C (0 )P03Na2.— A crude sample of 
C1CH2C(0H)(P03H2)2 (containing ~35 g of the acid) was dis
solved in 450 ml of water and NaOH was added to a final pH of
10. A solid precipitated on cooling the warm solution to room 
temperature. The slurry was diluted with 125 ml of acetone and 
stirred for a short time at 25°, and the solid was removed and air 
dried. This solid was recrystallized from a 1:1 water-acetone 
mixture, yielding 49 g of hydrated Na20 3PCH2C(0)P03Na2.

A portion of this salt was passed through Dowex 50W-X8 cation 
exchange resin in the acid form. The aqueous eluent was con
centrated on a rotary evaporator. The resulting viscous liquid 
crystallized on standing. This solid was washed with acetic 
acid and air dried. It assayed as 91.85% active H20 3PCH2C(0)- 
P03H2, corresponding to the monohydrate. A titration curve 
for this acid, when plotted on the scale used in Figure 1, was 
essentially superimposable on curve C.

A n a l .  Calcd for C2H60 7P2-H20 : C, 10.8; H, 3.6; P, 27.9; 
H20 , 8.1; Cl, 0. Found: C, 10.8; H, 3.6; P, 28.2; H20 , 
8.1; Cl, <0.1.

Preparation of H 20 3PCH 2C (0 H )(P 0 3H 2)2 from  H 20 3PCH 2C-
( 0 ) P 0 3H>.— The free acid prepared as above (4.46 g, 0.02 mol) 
was slurried in 18 ml of di-n-propyl sulfone, and PC13 (1.9 ml, 
0.022 mol) was added at 29°. The slurry quickly resolved to two 
liquid phases and the temperature rose to 35°. The reaction 
mixture was heated to 90° over a 1.5-hr period. White solids 
formed during this heating period. The slurry was digested for 
3 hr at 90° and then filtered. After this solid had been washed 
thoroughly with ethyl ether and air dried (yield 6.8 g) it was dis
solved in 50 ml of water and the solution was refluxed for 2 hr. 
A 81P nmr spectrum of this solution was superimposable on the 
spectrum of an aqueous solution of authentic ethane-1-hydroxy- 
1,1,2-triphosphonic acid (see below).

Na20 3PCH 2C (0 H )(P 0 3H N a )(P 0 3Na2)-4 H 20  from  Phospho
noacetic Acid.— The literature method1 for the preparation 
of this compound was employed with the following alteration. 
Purification was accomplished by titrating the aqueous solution, 
obtained from hydrolysis of the H20 3PCH2C 00H  +  PC13 reaction 
mixture, to a pH of 10.2. To this solution was added, with rapid 
stirring, an equal volume of acetone. The solid which separated 
was removed by filtration and washed with additional acetone. 
It was dried for 4 hr in an oven at 120°. Acid-base titration 
showed the resulting material to be the pentasodium salt of 
ethane-l-hydroxy-l,l,2-triphosphonic acid, solvated with 4 
equiv of water. Proton and phosphorus nmr spectra were 
identical with those reported in the literature.1

A n a l .  Calcd for C2Hi20i4P3Na5: C, 5.1; H, 2.6; P, 19.9; 
Na, 24.6. Found: C, 5.3; H, 2.9; P, 20.0; Na,24.4.

Ion exchange employing Dowex 50W-X8 in the acid form 
produced the water solution of ethane-l-hydroxy-l,l,2-triphos- 
phonic acid used for compariscn with the product prepared 
above.

Kinetics of Dehydrohalogena tion .— The rate of chloride release 
from I was followed at 25° by means of an Orion Model 94-17 
solid state chloride electrode. The pH was maintained through 
the addition of a standard NaOH solution by a Radiometer 
recording pH-Stat. Reaction mixtures were made 0.1 M  in 
K N 03 to maintain the ionic strength, except during one experi
ment, at pH 9.0, in which the solution was made 0.1 M  in NaCl 
to observe the possible effect of chloride ion on the reaction rate. 
For this experiment the rate was followed by the rate of consump
tion of standard base normalized to that of the pH 9.0 reaction 
run in K N 03.

Registry No.—I, 34550-07-7; 11,36939-22-7; C1CH2- 
C(OH )(P03H2)(P 0 3HNH4), 36939-23-8; ClCH2COOH, 
79-11-8; H20 3PCH2C (0 )P 0 3H2, 6874-58-4; H2Os-
PCH2C (0H )(P 03H2)2, 21396-22-5; Na20 3PCH2C (0H )- 
(POsHNa) (P03Na2) , 21396-24-7; H20 3PCH2C00H ,
4408-78-0.
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Stereoselectivity in reductions of carbonyl compounds by a chiral reagent prepared by adding the amino alcohol 
(+)-(2S,3fi)-4-dimethylamino-3-methyl-l,2-diphenyl-2-butanol (6) to lithium aluminum hydride in ether is 
reasonably high and shows remarkable reversal depending upon age of the reagent from predominantly R  product 
to predominantly S  product. Reduction of acetophenone gives either (ft)-(+ ) -  or (<S)-( — )-methylphenylcarbinol 
in 60-70% enantiomeric purity depending upon use of the reagent either immediately after its preparation (pro
cedure A) or upon aging overnight or refluxing for a few minutes (procedure B). This reversal in stereoselectivity 
with age of reagent was observed with five different carbonyl substrates. The reduction of phenyltrifluoromethyl 
ketone did not show this reversal phenomenon, however. Procedure A for asymmetric reduction of phenyl alkyl 
ketones gives the R  carbinol in excess in each case. Representative enantiomeric purities (% e.e., R  isomer) 
of the carbinols, PhCHOHR, from reduction of the ketones, PhCOR, at 0° follow: R =  Me,68%e.e.; w-Pr,61%
e.e. ; ¿-Pr, 30% e.e. ; i-Bu, 36% e.e. ; CF3, 30% e.e. This series roughly conforms to a decrease in stereoselectivity 
as the size of the R group increases. The reagent prepared from 6 and lithium aluminum deuteride gave upon 
reaction with acetophenone the corresponding deuteriated (.R)-phenylmethylcarbinol-a-iZ, 80% e.e., and upon 
reaction with benzaldehyde (S)-benzyl-a-d alcohol, 40% e.e. With this chiral reducing agent we have realized a 
generally useful method for asymmetric synthesis of carbinols with substantial enantiomeric purities.

The reduction of an achiral carbonyl compound by a 
chiral reducing agent to give unequal amounts of the 
enantiomeric secondary carbinols has been the subject 
of much study.4 Most of such studies are of theoretical 
interest rather than of practical value for the synthesis 
of optically active materials. Landor and coworkers6 
have made a detailed study of modified monosac
charide-lithium aluminum hydride complexes and 
Cervinka and his students6 have studied carbonyl re
duction by lithium aluminum hydride-chiral-alkaloid 
complexes. For instance, the reduction of acetophenone
(4) by a reagent (3) made by mixing lithium aluminum 
hydride (1) and quinine (2) in a 1:1 molar ratio gave 
(^)-(+)-phenylmethylcarbinol (S) in 48% excess over 
the racemate.6“ The stereoselectivities observed in the 
reduction of other substrates by this chiral reducing 
agent were generally less than 30%.

LiAlEU +  quinine — >  LiAlH3-quinine +  Ha

LiAlH3-quinone +  PhCOMe ■ 
3 4

Me Me

HO>C<]H +  Ht>C<OH
I I

Ph Ph
74% Æ -(+)-5 26% S - (  —  ) - 5

A readily available chiral reagent which would achieve 
consistently high stereoselectivities for a wide spectrum 
of carbonyl compounds would constitute a valuable 
synthetic tool for the organic chemist. It seems likely

(1) W e  acknow ledge w ith gratitu de su p p ort o f  these studies b y  the N a
tion al Science F ou n dation  (N S F  G P  27448).

(2) F or  a  prelim inary com m u n ica tion  o f  a portion  o f  this w ork, see S. 
Y a m a gu ch i, H . S. M osher, and A . P oh lan d, J .  A m e r ,  C h e m , S o c . ,  94, 9254 
(1972).

(3) O n leave from  T oh ok u  U niversity , Sendai, Japan.
(4) Th is su b je ct  has been  rev iew ed : J. D . M orrison  and H . S. M osher,

“ A sym m etric  O rganic R ea ction s ,’ ’ P ren tice-H all, E n g lew ood  Cliffs, N . J., 
1970, pp  160-218.

(5) (a ) S. R . L andor and A . R . T a tch ell, J .  C h e m . S o c .  C ,  2280 (1966); 
(b ) S. R . L andor, B . J. M iller  and A . R . T atchell, i b i d . ,  197 (1967).

(6) (a ) O. C ervinka , C o l le c t .  C z e c h . C h e m . C o m m u n .,  30, 1684, 2403 (1965).
(b ) O . C ervinka and O. B ëlavskÿ , i b i d . ,  30, 2487 (1965 ); 32, 3987 (1967).
(c) O . Cervinka, Y . Suchan, O . K otÿn ek , and V . D udek , i b i d . ,  30, 2484 
(1965).

that a superior chiral reducing agent might be designed 
based upon a systematic, study of the structural vari
ables of reagents of this type. We have begun such a 
study using the chiral amino carbinol (+)-(2/S,3/2)-
4-dimethylamino-3-methyl-1,2-diphenyl-2-butanoF of
known configuration70 (6, R*OH)8 for the reaction with 
lithium aluminum hydride in various molecular ratios 
to give a chiral reducing reagent represented by 7.

OH Me
V  V

PhCH2C— CCH2NMe2 
A  A  
Ph H 
6, R*OH

LiAlH4 +  nR*OH — >  LiAlH4_„(OR*)„ +  rJT2 
1 6 7

This specific reagent was chosen because of a report9 of 
reasonably high stereoselectivity using this chiral amino 
carbinol in the preparation of a reagent for the reduction 
of acetophenone and a subsequent promising prelimi
nary study.1 2 3 4 5 6 We have summarized the data we have 
collected in Tables I—III. Initial studies using aceto
phenone and a reagent prepared from lithium aluminum 
hydride and the chiral amino carbinol (6, R*OH, molar 
ratio 1.0:2.3) have shown that substantial stereo
selectivities in the order of 40-75% e.e.10 are obtained 
repeatedly (Table I). We have now carried out ex
periments designed to explore the effects of temperature, 
concentration, solvent, time, ratio of reactants, and

(7 ) (a ) A . P oh lan d and H . R . Sullivan, J . A m e r .  C h em . S o c .,  75, 4453 
(1 953 ); (b ) A . P oh lan d and H . R . Sullivan, ib id .,  77 , 3400 (1955 ); (c ) H . R . 
Sullivan, J. R . B eck , and A. P oh land, J . O rg. C h em ., 28 , 2381 (1963 ); (d) 
A . P oh land, L. R . Peters, and H . R . Sullivan, ib id ., 28, 2483 (1963).

(8) T h rou gh ou t this paper w e shall use R * 0 ~  to  sym b olize  the specific  
ch ira l a lkoxy  group from  (-f-)-(2 S ,3 .R )-4 -d im eth y lam in o-3 -m eth .y l-l,2 -d i- 
ph en y l-2 -bu tan o l (6 ). R * O H  is the a lcoh ol from  w hich the analgesic D a rv on  
is m ade.

(9) See ref 4, p 205, entry  14 in T a b le  5-11.
(10) B y  %  e.e. w e designate the enan tiom eric excess, i .e . ,  th e  per cen t 

excess o f  one enan tiom er over the racem ate. T h is  was determ ined  eith er b y  
op tica l rota tion  or  b y  use o f  relative areas o f  su itable signals from  the di- 
astereom eric a -m eth oxy -a -tr iflu orom eth y lp h en y laceta te  (M T P A )  deriva 
tiv e s .11

(11) J. A . D ale, D . L . D ull, and H . S. M osher, J . O rg . C h em ., 34, 2543 
(1969).
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T a b l e  I

A s y m m e t r i c  R e d u c t i o n s  o f  A c e t o p h e n o n e  (4) b y  I n s o l u b l e  (A)“ a n d  S o l u b l e  (B)“ C h i r a l  R e a g e n t s  f r o m  LiAlH4 
AND ( +  )- (2/S, 31ii)-4-DIMETHYLAMIN0-3-METH YL-l,2-DIPHENYL-2-BUTANOL (R*OH)!>
PhCOMe +  LiAlH„(OR*)4_„ — — >- (+>PhCHOHMe +  (-)-PhCHOHMe

4 7 (Ä M +)-5 (S )-(- h s

R eaction E x te n t of s—---------Stereoselectivity4*------------ >
Proce- ,------------- ------ ’M olar ratio6 c— ----------------, tem p, reduction ,d C on -

N o . dure“ L iA lH , R * O H P h C O M e °c % figuration %  e.e.
i A 1.0 0.77 0.70 rt Q R 29 (31 y
2 A 1.0 0.76 1.39 rt Q R 23 (24 y
3 B 1.0 0.76 2.10 rt 86 R is (i8y
4 A 1.0 0.77 0.64 0 Q R 31
5 A 1.0 1.00 0.83 0 Q R 52
6 B 1.0 1.00 0.83 0 Q R 47«
7 A 1.0 1.54 0.70 rt Q R 41 (40 y
8 A 1.0 1.53 1.39 rt Q R 48 (46y-»
9 A 1.0 1.54 0.64 0 Q R 65, 66*
10 A 1.0 2.00 0.83 0 Q R 40, 49'
11 A 1.0 2.00 1.66 0 59 R 21
12 A 1.0 2.30 0.70 rt Q R 58 (57 y
13 A 1.0 2.30 0.64 0 Q R 68 (68y
14 A 1.0 2.30 0.64 -6 5 Q R 75 (75)*
15 A 1.0 3.00 0.83 0 Q R 26
16 A 1.0 3.00 0.83 0 Q R 28,* 27*
17 B 1.0 2.00 0.83 rt 29 S 49
18 B 1.0 2.00 1.67 rt 15 S 45
19 B 1.0 2.30 0.64 rt 40, 43* s 66, 66*
20 B 1.0 2.30 0.32 rt 50 s 70
21 B 1.0 2.30 0.21 rt 77 s 75
22 B 1.0 2.30 0.64 0 35 s 53
23 B 1.0 2.30 0.64 -6 5 9 R 5
24 D “ 1.0 2.30 0.64 0 Q R 29
25 B 1.0 3.00 0.83 rt 27 s 71
26 B 1.0 3.00 0.83 0 24 s 60

° Procedures are given in the Experimental Section. Briefly they are as follows: A, an insoluble precipitate is formed upon adding 
an ethereal solution of R*OH to a filtered, standardized, ethereal LiAlH4 solution (the heterogeneous reagent is used immediately); B, 
an aged homogeneous ether solution of the reagent as prepared in A is used; C uses an aged benzene solution of the reagent; D follows 
procedure A except that ten times the ether solvent is used and no precipitate is formed (the reagent is used immediately). b R*OH 
symbolizes the chiral alcohol 6. c The actual quantities used for each reaction ranged from 0.33 to 1.5 mmol. d The extent of reduction 
is based on glc-determined ratio of methylphenylcarbinol to acetophenone in the isolated product. Q means “ almost quantitative” ;
i . e . ,  less than 2%  of ketone detected in the product. e Enantiomeric excess (%  e.e.) is the excess of one isomer over the racemate. Un
less otherwise designated this was determined by optical rotation. 1 Alternative analysis on the same sample based upon the nmr rela
tive peak heights of the C-methyl doublets of the diastereomeric MTPA derivatives. » The initial precipitate was heated in ether for 10 
min and allowed to stand overnight but did not dissolve. Acetophenone was then added. h Alternate analysis on the same sample 
based upon relative areas of the OCH3 nmr signals of diastereomeric MTPA derivatives in the presence of 0.1 M  Eu(fod)3 nmr shift re
agent. * Duplicate runs both analyzed by optical rotation. ' Duplicate runs except hydride concentration adjusted to the same as 
that in no. 9 by reducing the amount of ether accordingly. * Duplicate run which was refluxed for an additional 2 hr to see if the extent 
of reduction could be increased. Excess hydride was present at the end of the reaction, as evidenced by liberation of hydrogen upon 
hydrolysis.

various substrates upon the stereoselectivity of this 
reduction. Pertinent observations are as follows.

(1) Of foremost interest is the previously communi
cated2 observation that the sense of stereoselectivity is 
dependent upon the length of time that the reagent has 
been allowed to stand before its use for reducing the 
carbonyl substrate. When acetophenone was added to 
the reagent at 0° either 30 sec or 3 min after its prepara
tion (by mixing 1 and 6 to form reagent 7, LiAlH4R*OH 
molar ratio of 1.0:2.3, procedure A), a near-quantitative 
yield of (i2)-(+)-phenylmethylcarbinol [72-(+)-5] 
which was 68% enantiomerically pure was formed 
(Table I, example 13). However, when the reagent was 
allowed to stand overnight or was refluxed in ether for 
a few minutes before the same substrate was added 
(procedure B), then a 43% yield of the S- {—) enantio
mer of 5, which was 66% enantiomerically pure, was 
obtained (Table I, no. 19). This phenomenon is rep
resented graphically in Figure 1.

This reversal of stereochemistry with age of the 
reagent is like that observed previously by Sandman,

Mislow, et al.,12 during the stereoselective additions of 
the “ di-3-pinanylboron”  reagent13 to olefins.

(2) This reversal in stereoselectivity seems in part 
to be associated with a less soluble and more soluble 
form of reagent 7. On initial preparation of this re
agent, by the addition of a concentrated ether solution 
of amino carbinol 6 to the Li AIR, solution (LiAlH4: 
R*OH molar ratio 1.0:2.3) there is an immediate 
liberation of the theoretical amount of hydrogen and 
formation of a precipitate which goes into solution upon

(12) D .  J. Sandm an , K .  M islow , W .  P . G iddings, J. D irla m , and G . C .  
H an son, J .  A m e r .  C h em . S o c ., 90, 48 7 7  (1 9 6 8 ). Th ese authors found a 
freshly prepared 1 :1  T H F  solution o f (+ )-o :-p in e n e  and boron  hydride  
treated w ith benzonorbornadiene follow ed b y  oxidation  and acetylation  to  
give (4-)-erco-2-benzonorbornenyl acetate w ith  7 .4 %  e.e . o f th e l<S,2i? en
antiom er. H ow ever, w hen the reagent w as w arm ed and h eld  for 21  hr 
before th e benzonorbornadiene w as added, th e  stereoselectivity was re
versed w ith the form ation, in  com parable enantiom eric pu rity , o f the X R ,2 S  
enantiom er. T h e  reason for this reversal in stereoselectivity with age of the  
“ d i-3-pin an ylboron ”  reagent is u nknow n and m a y  or m a y  n ot be related to  
the phenom enon th at we observe w ith  the chiral L iA lH re (O R * )4 -n  reagent.

(13) H . C . Brow n and G . Zweifel, / .  A m e r . C h em . S o c .,  81, 2 4 7  (1 9 5 9 ); 
83, 25 44 (19 61 ).
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T a b l e  II '
A s y m m e t r i c  R e d u c t i o n  o f  S u b s t r a t e s  b y  I n s o l u b l e  ( A ) “  a n d  S o l u b l e  ( B ) “  

L iA lH 4-(2S,3Ä'H-DlMETHYLAMINO-3-METHYL-l,2-DIPHENYL-2-BUTANOL (R*OH 6)b REAGENTS.
LiAlH4:R*OH: S u b s t r a t e  R a t i o  1.3:3.0:1.0

E x ten t o f ✓---------------Stereoselectivity®-
Pro- T em p, redu ction ,d C on -

No. Substrate cedurea °c Solvent0 % figuration % e.e.
1 PhCOMe A 0 ETH Q R 68
2 B rt ETH 46 S 62
3 C rt THF 90 R 13
4 c rt BENZ 40 S 43
5 c 0 PENT 43 S 30
6 PhCOCFj A 0 ETH Q R 29, 30/
7 B 0 ETH 96 R 30
8 0 rt BENZ 95 R 29
9 PhCO-ti-Pr • A 0 ETH Q R 60, 6 2 /  61«
10 B 0 ETH 50 S 59/
11 C rt BENZ 41 S 49
12 PhCO-f-Pr A 0 ETH Q R 30, 2 8 /  30«
13 B 0 ETH 34 S 20
14 C rt BENZ 20 S 48
15 PhCO-f-Bu A 0 ETH Q R 36, 35/
16 B 0 ETH 43 R 28
17 C rt BENZ 24 S 9
18 MeCO-i-Bu A 0 ETH Q R 16, 2 8 / 28*
19 B 0 ETH 42 S 19/ 21«
20 C rt BENZ S 4'

“ The procedures are detailed in the Experimental Section. The abbreviations are the same as outlined in the notes to Table I. 
6 R*OH symbolizes the chiral alcohol 6 .  c Solvents: ETH is diethyl ether, THF is tetrahydrofuran, BENZ is benzene, and PENT is 
pentane. d Based on the carbinol-ketone ratio as determined by glc analysis; Q represents essentially quantitative yield. 6 Stereo
selectivity is designated by per cent excess of an enantiomer over the racemate (%  e.e.). 1 This is an alternate analysis on the same
sample obtained from the nmr relative peak areas for the OCH3 signal from the diastereomeric MTPA derivative in the presence of 0.1- 
0.2 M  Eu(fod)3 shift reagent. » Calculated on relative areas of 19F nmr signals of a-CF3 group of diastereomeric MTPA derivatives. 
* Based on relative areas of i-Bu nmr resonances of diastereomeric MTPA derivatives in the presence of 0.2 M  Eu(fod)3. *' Based on the 
relative heights of ierf-butyl signals of diastereomeric MTPA derivatives.

T a b l e  III
A s y m m e t r i c  R e d u c t i o n s  o f  B e n z a l d e h y d e  a n d  A c e t o p h e n o n e  b y  

L iA lD 4-(2,S,3.R)-4-DlMETHYLAMINO-3-METHYL-l,2-DIPHENYL-2-BUTANOL (R *O H , 6} REAGENT IN ETHER SOLVENT AT 0°

PhCOR +  LiAlD„(OR*)4_ „ — > ■ — >■ (E/PhCDOHR +  (S/PhCDOHR
■Stereoselectivity

P h C O R —M olecu lar ratio6—---------------- , ✓— P er c e iit redn6,c— - C on - L ÍA ID 4 L iA lH )
N o. R M ethod® LiA lD * R *O H P h C O R LiA lD * (L iA lH i) figuration % e.e. (% e.e.)
i H A 1.0 2.30 0.64 Q s 43, 40/
2 H B 1.0 3.00 0.83 72 s 19
3 Me A 1.0 2.30 0.64 Q (Q) R 90, 81* (68)«
4 Me A 1.0 2.30 0.64 Q R 80»
5 Me A 1.0 1.54 0.64 Q (Q) R 78, 79* (66)«
6 Me A 1.0 1.54 0.64 Q R 79«
7 Me B 1.0 3.00 0.83 29 (24) S 73 (60)«

“ See Experimental Section for details. Procedure A essentially involves the insoluble form -while procedure B is the aged, soluble 
reagent. * R*OH symbolizes the chiral alcohol 6. « Determined by glc and based on carbinol:unreduced substrate ratios; Q repre
sents an essentially quantitative yield. Parentheses indicate data from Table I. d Stereoselectivity is given as per cent excess of one 
enantiomer over the racemate (%  e.e.) based upon optical rotation unless otherwise indicated. « These are the directly comparable or 
most closely comparable LiAlH„ reductions taken from Table I. /  Stereoselectivities determined on the same sample by use of nmr 
signals of benzylic protons of MTPA in the presence of 0.4 M  Eu(fod)3. » Duplicate experiment. h Stereoselectivities determined 
on the same sample by use of nmr signals of OCH3 protons of MTPA ester in the presence of 0.1 M  Eu(fod)3.

swirling in about 7-8 min (2-3 min in refluxing ether). 
If acetophenone (4) is added to this precipitated reagent 
at room temperature immediately after mixing (within 
the first 3 min), the precipitate immediately dissolves 
and R- (+ ) -5 is obtained in 58% e.e. (Table I, no. 12). 
Addition of 4 to a sample of this reagent which has been 
stirred for 8 min after mixing gave S-(—)-5 in 15% e.e. 
At this point in time the precipitate which was formed 
on initial mixing had just dissolved.

(3) An added complicating factor is that, although 
the per cent yields of reduction product are essentially 
quantitative when the reagent containing the precipitate

is used (procedure A), the per cent yields with the aged, 
soluble reagent (procedure B) fall short of the theo
retical, even in the presence of 1-3 M excess of the 
hydride reagent. Unreduced carbonyl compound is 
recovered even though active hydride still remains in 
the incomplete reduction mixture, as shown by the 
liberation of hydrogen upon the addition of water. 
A clear exception to this general observation is the re
duction of phenyl trifluoromethyl ketone by either the 
insoluble or soluble reagent which gives high per cent 
yields and about 30% e.e. of R enantiomer under all 
conditions tried (Table II, no. 6-8). This behavior may
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be related to the well-known ease of reduction of tri- 
fluoromethyl ketones.

(4) Evidence that the reversal in stereoselectivity is 
not simply a difference between heterogeneous vs. 
homogeneous reactions is given by the following. When 
the reagent is prepared in dilute solution by adding 
R*OH (6) to an 0.05 M  ether solution of LiAlH4 (in
stead of to the usual 0.5 M  LiAlH4 solution), a clear 
solution results without the formation of a precipitate 
as is observed when the concentration is approximately 
ten times this. The immediate addition of acetophe
none to this dilute homogeneous solution results in its 
reduction to (R )-(-f )-phenylmethylcarbinol, 29% e.e. 
(Table I, no. 24). This is a lower specificity but the 
same sense of asymmetric reduction as observed with 
the precipitated complex which results when the reagent 
is prepared in more concentrated form.

(5) Empirical studies indicate that the highest 
stereoselectivities for both precipitated and soluble 
forms of the reagent were obtained with LiAlH4: R*OH 
ratios from approximately 1.0:2.3 to 1.0:1.5 (68 and 
66%, respectively, Table I, no. 13 and 9 at 0° for pro
cedure A). The exact ratio for the production of 
reasonably high R stereoselectivity according to pro
cedure A does not appear to be critical. The original 
rationale for using the LiA!H4:R*OH ratio of 1.0:2.3 
was that this represented a modest excess of LiAlH4 
over that required for a reagent with the empirical 
formula of LiAIH(OR*)s. In fact this ratio corresponds 
to a mixture represented by LiAlH(ORx)3-2LiAlH2- 
(OR*)2.14 However, with an LiAlH4:R*OH ratio of 
1:1, corresponding to LiAlH3(OR*), the precipitate 
formed in ether does not go into solution on standing 
or refluxing. This 1:1 reagent affords high stereo
selectivity of the R enantiomer, whether the freshly 
prepared or aged reagent is used (47 vs. 52% e.e., 
respectively, Table I, no. 6 and 5). However, addition 
of extra ether, which causes solution of some of this 1:1 
complex, results in a reagent with reduced R stereo
selectivity (21% e.e. R).

(6) The addition of an ether solution of R*OH, 6, 
to LiAlH4 (LiAlH4:R*OH molar ratio 1.0:2.3) results 
in the formation of a precipitate w'hich begins to de
posit when approximately one half of the R*OH has 
been added. However, when the order of mixing is 
reversed, no precipitate is formed. Immediate use of 
the resulting solution, from this reverse order of mixing, 
for reduction of acetophenone gives the J?-(+) enantio
mer of 5, but with low (10% e.e.) stereoselectivity in 92% 
yield. Longer standing of such a solution leads to a 
reagent which gives high S - ( - )  stereoselectivity.

(7) The stereoselectivity of the reduction by the in
soluble complex was found to increase with decreasing 
temperature: 20°, 57% R; 0°, 68% R; — 65°, 75% R; 
the percentage yield was nearly quantitative in 
each case (Table I, no. 12, 13, 14). The stereoselectiv
ity of the soluble reagent seems to decrease with lower 
reaction temperature: 20°, 66% e.e. S; 0°, 53% e.e. 
S; —65°, 5% e.e. R (Table I, no. 19, 22, and 23).

(8) When the reagent was prepared in benzene in-
(14) Throughout we shall represent the reagents as LiAlH(OR*)3, LiAlBh- 

(OR*)2, LiAlH(OIt*)3, and LiAl(OR*)4. By these formulas we wish to 
designate only the ratio of the LiAlH4 and R*OH used in the preparation of 
these reagents; we specifically do not imply that these formulas represent 
either the structure or state of aggregation of the reagent. These experi
ments were done in relatively small amounts and the exact ratios in any one 
experiment may easily be off by 0.1.
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Figure 1.— Change in stereoselectivity (O— O left ordinate) 
and in percent yield (□— □ right ordinate) with age of reagent 
(LiAlH4; R*OH ratio 1.0:2.3) in ether solvent at room tempera
ture. (a) Zero time corresponds to results when acetophenone 
and R*OH in ether were added to LiAlH4. (b) Acetophenone 
added to reagent 30 sec after mixing, (c) After 8 min of shaking 
the initial precipitate had just dissolved, at which point acetophe
none was added, (d) This sample was refluxed in ether for 3 min 
as well as standing for 40 min before acetophenone was added.

stead of ether solution it was soluble under all conditions 
tried and the S - ( - )  enantiomer of 5 formed in reason
ably high stereoselectivities (40-55% e.e.) in analogy 
with the soluble reagent in ether solution (Table II). 
Similarly, the reagent in pentane, using a LiAlH4: R*OH 
ratio of 1:2.3, was soluble and afforded the S enantiomer 
of 5 (30% e.e.). Repetition in tetrahydrofuran solvent 
gave a homogeneous solution of the reagent which re
duced acetophenone to 5 to give the R enantiomer with 
low stereoselectivity (13% e.e.), contrary to the results 
in benzene, pentane, and ether solution (Table II).

(9) The reduction of three additional phenyl alkyl 
ketones (excluding phenyl trifluoromethyl ketone) 
showed generally decreased stereoselectivities as the 
size of the alkyl group increased (Table II). The 
aliphatic ketone, methyl teri-butyl ketone, showed the 
lowest order of stereoselectivity of these substrates. 
In each of these cases the heterogeneous reagent (pro
cedure A) gave the R enantiomer in excess while the 
homogeneous reagent (procedure B) gave the S. 
However, phenyl trifluoromethyl ketone gave excess R 
enantiomer in good yield (Table II, no. 1-3) with both 
heterogeneous and homogeneous reagents.11?

(10) A soluble chiral reagent prepared from sodium 
aluminum hydride and 6 in ether gave relative low 
stereoselectivities of the (R)-5 enantiomer (5% e.e. 
with NaAlH4:R*OH ratio of 1:2 and 17% e.e. with 
1:3 ratio); the same reagent in benzene w'as soluble

(15) It should be pointed out that because of the R - S  nomenclature rules 
(jE)-phenyltrifluoromethylcarbinol is configurationally related to (<S>)-phenyI- 
methylcarbinol, where the methyl group is replaced by the trifluoromethyl 
group. Thus the departure from the regular pattern in the reduction of 
phenyl trifluoromethyl ketone by procedure A (precipitated reagent) was 
to give the R enantiomer instead of the S.
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and gave 12% e.e. (R)-5 when prepared with a 1:2.7 
molar ratio of NaAlH4 to R*OH. It is interesting that 
the soluble form of the sodium aluminum hydride re
agent gives (jffi)-(+)-5 in excess whereas the soluble 
form of the lithium aluminum hydride reagent gives
(S)-(— )-5 in excess.

(11) Several experiments were designed to obtain 
some information concerning the nature of the isolated 
precipitate. At 0°, LiAIH4 and R*OH were mixed in 
1.0:2.3 molar ratio and the mixture was immediately 
centrifuged. The supernatant layer was removed and 
the solid was twice washed with anhydrous ether. The 
resulting solid did not dissolve in ether on standing at 
room temperature; upon addition of acetophenone it 
gave (72)-(+)-5 in 70% e.e. Another sample of this 
solid was vacuum dried and hydrolyzed to give 90-94% 
(duplicate runs) of the theoretical amount of hydrogen 
based on the formula LiAlH2(OR*)2. Again the chiral 
reagent was made by mixing LiAlH4 and R*OH in 1.0:
2.3 molar ratio but this time the mixture was refluxed 
for a short time until the precipitate went into solution. 
It was centrifuged free of a slight amount of turbidity 
and the supernatant liquid was evaporated to dryness 
to give a white, silky solid which was completely soluble 
in pentane. Addition of acetophenone to this pentane 
solution resulted in a 43% yield of ($ )-(— )-5 with 30%
e.e. Thus the soluble form which gives S stereo
selectivity does not revert to the insoluble form which 
gives R stereoselectivity upon evaporation of solvent.

Discussion

We would like to be able to interpret these results 
from a mechanistic standpoint, i.e., to postulate transi
tion-state stereochemistries which would account for 
the observed configurations and generally high stereo
selectivities of the products and which would explain 
the phenomenon of reversal in stereochemistry, de
pending upon the age of the reagent. We had an
ticipate that the stereoselectivities might be high 
based upon rather speculative models for this reaction 
involving a structure such as 8 which is held in a tight

complex by coordination of the heteroatoms to the 
lithium cation. However, the reversal in stereo
selectivity with age of the reagent was totally un
expected. This complication renders any interpretation 
doubly difficult.

Important parallels can be drawn between the com
plexities of these asymmetric reductions and asym
metric hydroborations by “ di-3-pinanylborane.”  At
tempts to rationalize the stereochemistry of asym
metric hydroborations by this chiral reagent have led 
to the postulation of a series of six speculative transi
tion-state models, each one of which tried to improve 
on the previous model in order to accommodate some 
additional observation.16 All but the last of these

(16) The evolution of these transition state models has been reviewed in
ref 4, pp 220-240.

models were proposed before the observation on the 
reversal in stereoselectivity with age of this reagent.12 
None, including the last of these proposed models, at
tempted to account for such a reversal.

One can speculate that the state of association of the 
chiral reagent, for instance [LiAlH2(OR*)2]„, is involved 
in this observed reversal of stereochemistry with age of 
reagent. The reactivity of aluminum isopropoxide in 
the Meerwein-Ponndorf-Verley reduction has been 
studied with respect to association of the reagent. It 
is now established17 that the stable form of aluminum 
isopropoxide in solution is the tetramer, while the active 
reducing species is the trimer which is in equilibrium 
with the tetramer. One can easily imagine that a 
monomer of a reagent such as 7 might have considerably 
different stereoselectivity from its dimer or trimer.

These uncertainties in state of aggregation of the 
reagent are in addition to those due to the multiple 
conformations that one species may assume during 
actual reaction with the substrate. Furthermore, in 
the present case, coordination number of the aluminum 
in solution is not known. Speculative models might be 
based on either a tetrahedral or octahedral aluminum 
geometry where coordination could be either with 
heteroatoms of the reagent or with solvent. If octa
hedral geometry is involved there is the added complica
tion of cis vs. trans isomerism, 9a vs. 9b, as well as the 
overall chirality, i.e., 9a or 9b vs. the mirror images.

9a 9b

The chiral reducing complex resulting from reaction 
of LiAlH4 with R*OH has the possibility of three dif
ferent stoichiometries, LiAlH3(OR*), LiAlH2(OR*)2, or 
LiAlH(OR*)3, each of which could have different 
stereoselectivities in asymmetric reductions. The rate 
of reduction of such species will also differ; thus if a 
mixture contains more than one such species the stereo
selectivity during the initial phase of the reaction should 
be different from that during the final stages of reduc
tion. This complexity is compounded in that the trans
fer of the first active hydrogen of LiAlH2(OR*)2 pro
duces a new chiral reagent LiAlH(OR*)2(OR'*) with 
the reduced substrate as a ligand. This reagent should 
be capable of further transfer of hydrogen and should 
have a stereoselectivity in further reductions which 
would be different from that of LiAlH2(OR*)2 or LiAlH- 
(OR*)3. Thus the possible complexities of the reaction 
reported here considerably surpass those of the chiral 
“ di-3-pinanylborane” hydroboration reaction. We are 
convinced that it is premature to attempt to interpret 
our present results in terms of transition-state models.

An initial hypothesis which we entertained was that 
the “ R”  reagent (i.e., the reagent with R stereoselec
tivity toward acetophenone) ŵ as LiAlH2(OR*)2 which 
was formed very rapidly upon mixing LiAlH4 and 
R*OH, while the “S” reagent, which was formed by a 
slower subsequent reaction, was LiAlH(OR*)3. The

(17) V. J. Shiner and D. Whittaker, J. Amer. Chem. Soc., 85, 2337 (1963).



change in stereoselectivity with time according to this 
hypothesis follows the rate of the conversion according 
to the following equations.

LiAlH4 +  R*OH — >■ LiAlHXm* +  H2 

LiAlHsOR* +  R*OH — s- LiAlH2(OR*)2 +  H2 

LiAlHs(OR*) +  R*OH — >  LiAlH(OR*)3 +  H2

This hypothesis is untenable, because upon adding 3 
molar equiv of the alcohol (R*OH) to the LiAlH4 
solution 90-94% of the 3 molar equiv of hydrogen are 
liberated immediately, not 2 mol rapidly and a third 
mole much more slowly, as would be required by such a 
postulate.

At least two distinct reagents must be postulated, one 
with R and the other with S stereoselectivity with 
respect to acetophenone reduction; both reagents 
probably have the same empirical formula although not 
necessarily the same molecular formula. We will refer 
to these as the R and the reagent. We assume that 
the initially formed R reagent is produced rapidly and 
that this changes more slowly into the more stable S 
reagent. This change might be an isomerization, as 
represented by the difference in 9a and 9b, or it might 
be a conversion from one state of aggregation into 
another as in the interconversion of aluminum iso- 
propoxide trimer and tetramer.17 However, it is not an 
isomerization of the skeleton of the chiral alcohol, since 
the R*OH is recovered unchanged in high yield from 
these reductions.

Superficially it might appear that the R reagent is 
the initial precipitate and that the S reagent is its 
soluble form with the reversal in stereoselectivity being 
a reflection of the difference between a heterogeneous 
vs. homogeneous reaction. This is readily discounted 
by the results obtained from a reagent prepared ac
cording to procedure A but using ten times the amount 
of ether solvent which gives a solution rather than a 
precipitate but still shows predominant R stereo
selectivity in the reduction of acetophenone when used 
immediately after preparation (Table I, no. 24). 
Furthermore, the reagent used for the experiments 
reported in Figure 1 become homogeneous after 7-8 min 
of swirling whereas the maximum S stereoselectivity 
is not developed until longer standing.

In the studies by Landor, et al.,ih on chiral reducing 
agents derived from LiAlH4 and monosaccharide deriva
tives such as 10, it was found that one of the two avail
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able active hydrogens reacted much faster than the 
other to give predominant S stereoselectivity in the 
reduction of acetophenone. When 1 equiv of ethanol

was added to reagent 10 the resulting new reagent 11, 
which had one reactive hydrogen left, gave R stereo
selectivity.

A similar explanation in this form cannot rationalize 
our data, since we obtain either R or S stereoselectivity 
from a reagent with the same composition in which the 
LiAlH4: R*OH ratio was unchanged, the only difference 
being the age of this reagent. Furthermore, we obtained 
this reversal in stereoselectivity with time whether the 
reagent had the composition LiAlH2(OR*)2 or LiAlH- 
(OR*)3. We have in fact carried out comparable ex
periments where the reagent LiAlH2(OR*)2 was made 
according to procedure A and within 3 min 1 equiv of 
methanol (or phenol) was added in order to give a new 
reagent, LiAlH(OR*)2(OR')- Hydrogen was evolved 
upon the addition of methanol (or phenol) and the 
initial precipitate did not dissolve. Acetophenone was 
then added within 30 sec, with the result that (R)-(+)-5  
was formed in about 52% e.e (with phenol, 64% e.e.). 
Thus utilization of one of the two remaining available 
hydrogens did not result in a reversal of stereoselec
tivity.

However, it must be significant that R stereoselectiv
ity is higher when there is sufficient LiAlH2(OR*)2 
reagent so that only one hydrogen needs to be utilized 
(Table I, no. 10, 40-49% e.e. R, quantitative yield) as 
compared to the experiment where both hydrogens must 
be used for complete reduction (Table I, no. 11, 21% 
e.e. R, 59% yield). The aged reagent with this same 
composition gave S stereoselectivity but in reduced 
per cent yield (Table I, no. 17 and 18, 49-45% e.e. S, 
29-15% yield). The reduced chemical yields using the 
soluble reagent which gives S stereoselectivity is a 
troublesome point. It would thus seem that a large 
part of the active hydrogen in the soluble reagent with 
S stereoselectivity is rendered inactive toward reduction 
of acetophenone upon aging, perhaps by being “ buried”  
in a relatively inaccessible position within the reagent 
molecule. This phenomenon is not noted with the 
initial insoluble reagent with R stereoselectivity.

Reduction of benzaldehyde by procedure A using 
LiAlD2(OR*)2 instead of LiAlH2(OR*)2 gave (S)- 
benzyi-a-d alcohol (40, 43% e.e., Table III, no. 1) with 
lower stereoselectivity than observed in the reduction 
of acetophenone to give (/¿)-phenylmethylcarbinol-a-d 
under comparable conditions (ca. 80% e.e., Table III, 
no. 3 and 4). These carbinols correspond in both cases 
to attack by deuteride on the si face of the respective 
carbonyl groups. Thus the steric course of these reduc
tions is the same although the configurational designa
tions of the products are opposite. A surprising ob
servation was that the stereoselectivity was uniformly 
higher than the protio reagent (compare Table I, no. 
9, 13, 19, and 20 and Table III, no. 3-7).

As a final point we would like to note that this asym
metric reduction system constitutes a reasonable 
method for obtaining either (R )-(+ ) or (£)-( — )- 
methylphenylcarbinol in approximately 70% enantio
meric purity. The same is true for the reduction of 
butyrophenone and to a lesser extent the other ketones 
tested. This is the method of choice for obtaining (S)- 
benzyl-a-d alcohol (40% e.e.) and presumably other 
a-deuterio chiral primary alcohols as well. Finally, 
these preliminary results point to the very real possi
bility of developing a superior reducing agent of the
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same general type with even higher stereoselec
tivity.

Experimental Section
Instruments.— Optical rotations on small samples were taken 

on a Perkin-Elmer 141 electronic gpectropolarimeter with digital 
read-out using 1-dm, center-filled water-jacketed cells thermo- 
stated at 20.0°; readings were ±0.002°. Rotations on larger 
samples were occasionally taken on a Zeiss visual polarimeter with 
readings to ±0 .02°. Routine proton nmr determinations were 
made on a Yarian T60 instrument; analytical determinations 
were made on a Yarian HR-100 instrument (CDCh, solvent, 
TMS standard). 18F determinations on MTPA diastereomeric 
esters9 were made on a Varian XL-100 instrument (CDCls, sol
vent, trifluoroacetic acid external standard). Gas-liquid chro
matographic (glc) determination were made on a Varian Aero
graph at 40 ml/min, He flow rate, thermoconductivity detector, 
polyethylene glycol 20M, 5 ft X 0.28 in. column.

Reagents.— The ( +  )-(2S,3R)-4-dimethylamino-3-methyl-l ,2- 
diphenyl-2-butanol7 (6 R*OH), [a]2,D +8.09° (c 9.63, EtOH), 
mp 55-57°, was obtained by regeneration from the hydrochloride18 
and was stored in a desiccator over P2O5. This alcohol was re
covered and repeatedly reused. Ether, tetrahydrofuran (THF), 
and benzene were distilled over LiAlH4 and stored over a Linde 4A 
molecular sieve. A stock lithium aluminum hydride solution in 
ether was passed through a glass filter under nitrogen and stored 
in a flask closed with a rubber septum. It was analyzed im
mediately prior to use. Aliquots were removed by syringe as 
needed.

Determination of Stereoselectivity by Optical Rotation.—The
enantiomeric excess, %  e.e.,10 was obtained from the observed 
optical rotation and the known maximum rotations of the car- 
binols according to the following data by assuming a linear 
relationship between rotation and concentration, i . e . ,  %  e.e. 
100 X  [a] Dobad/  [of] Dmax : (R)-PhCHOHCH3,18 [ « ] 20d  +43.1° (c
7.19, cyclopentane); (R)-PhCHOHCF3,“  [<*]™d  -1 4 .9 °  ( c  15, 
benzene); (R)-ra-PrCHOHPh,21 [<*]20d  +43.6° (c4.18, benzene); 
(R H-PrCHOHPh22, [a] ®d +47.7° (c 6.8, Et20 ); (E)-i-BuCH- 
OHPh,23 M 2»d  +27.4° (c 2.2, benzene); (R)-i-BuCHOHCH3,24 
[a]20D —3.31° (c 10.3, benzene); (S)-PhCHDOH,25 [a]20D 
+  1.70° (c 2.2, EtOH), [a]20D +1.52° (c 7.1, cyclopentane), 
[a]21D +1.58° (neat). The optical rotation of methylphenyl- 
carbinol in cyclopehtane solvent was found to be significantly 
dependent upon the concentration of acetophenone present in 
solution. The following data were determined on solutions with 
known enantiomeric compositions of methylphenylcarbinol and 
known amounts of added acetophenone (the enantiomeric com
position of samples made by procedure B which contained un
reduced acetophenone were calculated based on these data and 
the known carbinol:ketone ratios determined by glc): [<*]20d

+43.1° (c 7.19, C6HI0, zero PhCOCH3); [a]MD +44.8° (c 7.86, 
PhCHOHCH3, c  0.99, PhCOCH3 in C5H10); [ « ] 2°d  +50.0° (c
6.66, PhCHOCH$, c 5.12, PhCOCH3 in C6H10); [a] “ d +52.0° 
(c 5.12, PhCHOHCH3, c 5.12, PhCOCH3 in C6H10); M 20n 
+  54.0° (c 4.86, PhCHOHCH3, c 7.28, PhCOCH3 in C6Hi„); 
[ a ]  29d +56.5° (c 3.71, PhCHOHCH3, c 8.99, PhCOCH3 in C6HI0); 
[a] 20d +58.3° (c 2.64, PhCHOHCH3, c 10.60, PhCOCH3 in 
C6Hjo).

Determination of Stereoselectivity by Nmr Method.— The
carbinol (for instance, 0.10 mmol, 12 mg of PhCHOHCH3) was 
treated with excess acid chloride from (R)-( +  )-a-methoxy-a-

(18) A ldrich  C h em ica l C o ., M ilw aukee, W is. W e  also acknow ledge w ith 
gratitu de a sam ple o f  the free base supplied  b y  D r. A . P oh lan d  o f  E li L illy  and 
C o .

(19) Spectrograde cyclop en tan e  (C 5H 10) was used because o f  its ready 
ava ilab ility  in  high p u rity  and because the chiral a lcohols  cou ld  be freed 
read ily  o f  this vola tile  so lven t. T h is  value was determ ined on  a sam ple o f 
enan tiom etrica lly  pure carb in ol w hich  had [ « ] 21d + 4 3 .5 °  (n eat). R , H . 
P ick ard  and J. K en yon , J .  C h e m , S o c . ,  99, 45 (1911).

(20) H . Peters, D . Feigl, and H . S. M osher, J .  O r g . C h e m .,  33, 4245 (1968).
(21) J. K en y on  an d  S. M . Partridge, J .  C h e m . S o c . ,  128 (1936).
(22) P. A . L evene and J. M ikeska, J .  B i o l .  C h e m .,  70 , 355 (1926).
(23) R .  M a cL eod , F . J. W elch , and H . S. M osh er, J .  A m e r .  C h e m . S o c . ,  

82, 876 (1960).
(24) (a) R . W . P ick ard  and J. K en yon , J .  C h e m . S o c . ,  105, 1121 (1914 ); 

(b ) J . Jacobu s, Z . M ajersk i, K . M islow , and P . V . R . Schleyer, J .  A m e r .  C h e m .  
S o c . ,  91, 1998 (1969).

(25) V . E . A lthouse, D . M . Feigl, W . A. Sanderson, and H . S. M osher,
J .  A m e r .  C h e m . S o c . ,  88, 3595 (1966).

trifluoromethylphenylacetic acid (MTPA-C1, 37 mg, 0.15 mmol) 
in pyridine according to the usual procedure.11»26

General Procedure A (Insoluble Reagent).— All experiments 
were carried out under a nitrogen atmosphere; transfers were 
made v i a  syringe through rubber septums. The following is a 
detailed description of experiment 13, Table I. An ether solution 
(2.0 ml), containing the chiral amino alcohol 6 (R*OH) [1.02 g,
3.6 mmol, [<i ] 28d +8.09 (c 9.6, EtOH], was added at 0° to a 
magnetically stirred solution of LiAlH, (1.56 mmol, LiAlH,: 
R*OH mole ratio 1.0:2.3) in ether (4.0 ml). A white, pasty 
precipitate began to form when about one half of 6 was added. 
The transfer was completed by rinsing the original flask and the 
syringe with 1.0 ml of ether. The reaction flask was shaken 
thoroughly at 0°; 3 min from the time of initial mixing, aceto
phenone, 4 (120 mg, 1.0 mmol), in 0.5 ml of ether was added drop- 
wise to the precipitated reagent. The precipitate dissolved and 
gave a clear, transparent solution. The mixture stood for 12 hr 
and was then hydrolyzed with 1 drop of water (vigorous evolution 
of gas) and then excess dilute hydrochloric acid to dissolve the 
amino alcohol 6. The ether extracts were washed (H20 , three 
times), dried (MgS04), and concentrated (water aspirator) to 
give a colorless oil (0.10 g, 82% yield) which contained no un
reduced acetophenone as measured by glc (column temperature 
170°): M 2»d +29.3° (c 8.15, C6H10), 68.0%  e.e. (R )-( +  )-5.
Alternate analysis by conversion to the MTPA derivative and 
measuring the nmr spectrum gave the same %  e.e. Neutraliza
tion of the acid extract gave recovered chiral amino alcohol 6, 
M 26d +8.18° (c 10.2, EtOH).

In one run according to procedure A, the acetophenone was 
added just 30 sec after preparation of the reagent. This gave an 
oil containing no unreduced ketone, [a]21D +29.8° (c 9.15, 
CsHio), corresponding to 69% e.e. of (R )-(+  )-5 as given in Figure 
1, point b. In still another experiment, 6 (3.6 mmol, 1.02 g) and 
4 (1.0 mmol, 120 mg) were dissolved in ether (3.0 ml) and were 
added at 0° to LiAlH, (1.56 mmol, in 2.4 ml of ether). No 
precipitate formed. The solution yielded carbinol 5, containing 
no ketone, [a]21»  +14.2° (c 2.25, C5H10), corresponding to 33%  
e.e. of (E)-( +  )-5. This is represented as the zero time, point a, 
in Figure 1.

Procedure B (Soluble Reagent).— Under a nitrogen atmo
sphere, an ether solution of amino alcohol 6 (1.02 g, 3.6 mmol in
2.0 ml of ether) was added to LiAHL (1.56 mmol in 4.0 ml of 
ether, LiAlH4:R*OH ratio 1.0:2.3) at room temperature. The 
transfer was completed by rinsing the original flask and syringe 
containing amino alcohol 6 with 1.0 ml of ether. The precipitate 
which formed initially dissolved after 2-3 min of reflux. After 
the solution was refluxed for 10 min and had stood for 24 hr at 
room temperature, acetophenone (4, 120 mg, 1.0 mmol) was 
added and the mixture was processed as in procedure A after 
standing at room temperature overnight to give 0.11 g of an oil, 
[a]2<iD —35.4° (c 1.64, C6Hio), which by glc analysis was 40%  
methylphenylcarbinol (5) and 60% acetophenone (4). Using 
[a]20d +54.0° for the rotation of enantiomerically pure methyl
phenylcarbinol in the presence of 60% acetophenone, this corre
sponds tq 66%  e.e. as shown in example 19, Table I. A duplicate 
run which was refluxed for an additional 2 hr gave a 43:57 ratio 
of 5:4 with 66%  enantiomeric purity of 5 as measured by optical 
rotation. Upon hydrolysis of these reaction mixtures hydrogen 
was evolved indicating excess unreacted reducing reagent.

Procedure C (Reduction in Benzene Solution).— Under nitro
gen, 1.56 mmol of LiAlH4 in ether was transferred to a 20-ml 
flask. The ether was removed under high vacuum and the residue 
of LiAlH4 was treated with benzene solution (6.0 ml) containing
1.02 g (3.6 mmol) of amino alcohol 6. There was an exothermic 
reaction which resulted in the formation of a clear solution. 
Occasionally there was a small amount of a white solid that did not 
dissolve. After this benzene solution had stood for 1.5 hr, 
acetophenone (120 mg, 1.0 mmol) in benzene (0.5 ml) was added 
and the mixture was allowed to stand overnight. Processing as

(26) J. A . D a le  and H . S. M osher, J .  A m e r .  C h e m . S o c . ,  96 , 512 (1 973 ). 
T h e  signals o f  b o th  the O -m eth yl and C -m eth y l groups o f  th e  R , R  d iastereo
m er from  m eth ylph en ylcarb in ol appear at higher field  than  those o f  th e  R , S  
diastereom er. T h e  peaks are t o o  close togeth er to  be  accu rate ly  in tegrated  
on the T -6 0  instru m en t b u t re la tive  peak  heights w ere show n t o  g iv e  a  g o o d  
app rox im ation  o f  th e  isom eric com position . T h e  19F  resonances fo r  the <*- 
CFa group a t 94.1 M H z  w ere clearly  separated  an d  read ily  in tegrated . T h e  
a dd ition  o f  the nm r sh ift reagent, E u (fod )3  (0.1 M ) ,  caused b o th  th e  O -m eth yl 
and C -m eth yl resonances o f  the R , R  d iastereom er to  be  sh ifted  to  low er field 
m ore stron gly  than  th a t o f  the R , S  diastereom er, so  th a t  qu a n tita tive  in 
tegration  o f  the respective  O -m eth yl signals was readily  possible .



in procedure A gave a yellowish oil, 0.092 g, [a]®D —22.1° (c 
3.75, C5Hi0), which, as determined by glc, was a 49:51 mixture 
of 5:4 and thus corresponds to 43% e.e., S isomer.

Procedure D.— General procedure A was followed except that
1.2 mmol of LiAlH, was dissolved in 47 ml of ether maintained 
at 0° instead of 4 ml of ether. Under these circumstances no 
precipitate was formed when amino alcohol 6  (1.02 g, 3.6 mmol) 
was added to the solution. To this homogeneous solution was 
immediately added acetophenone (120 mg, 1.0 mmol) at 0°. 
The reaction mixture ws processed after standing overnight at 
room temperature to give a colorless oil (0.10 g, 82% yield), 
[a]20D +12.5° ( c  7.18, C5H10), 29% e.e., R  isomer, which by glc 
analysis contained no unreduced acetophenone.

Scdium Aluminum Hydride Reductions.— To a suspension of 
sodium aluminum hydride (1.0 mmol) (Alfa Inorganics) in ether 
(5 ml, 1.0 mmol) was added chiral amino alcohol 6 (2.0 mmol in 
3 ml of ether) at room temperature. After stirring overnight 
sodium aluminum hydride went into solution, leaving a small 
amount of turbidity. To this solution at room temperature was 
added acetophenone (1.0 mmol) and the reaction mixture was 
processed as usual to give an oil which was a 48:52 mixture of 5 
and unreacted 4, [a]20D +2.73° ( c  6.1, C5H10), corresponding to a 
55% excess of the R  enantiomer of 5.

Repetition of this experiment using NaAlH, (1.2 mmol), amino 
alcohol 6 (3.6 mmol), and acetophenone (0.5 mmol), followed by 
processing in the usual way, gave an oil (97% 5 and 3% 4) con
taining 17% e.e. of (.ffi)-( +  )-5 enantiomer. A repetition of this 
experiment in benzene solvent gave a 99% yield of (#)-( +  )-5, 
12% e.e.

Commercial NaAl^fOCHiCThOMeh (Eastman Kodak, Vi- 
tride) in benzene solution (5.12 ml, containing 1.2 mmol) was 
mixed at 0° with 20 ml of a benzene solution containing amino 
alcchol 6 (0.34 g, 1.2 mmol). Hydrogen was evolved but there 
was no precipitate. Acetophenone (120 mg, in 1 ml of benzene) 
was added. The usual processing, after standing at room tem
perature overnight, gave a colorless oil which by glc was 73%  
carbinol5and 27% recovered ketone 4 with [a] 20d +0.98 ±  0.12° 
(c 1.63, cyclohexane), corresponding to 2.1 ±  0.3% e.e. of 
R -( + ) isomer.

Reductions of Benzaldehyde with LiAlD,-R*OH.— Amino 
alcohol 6 (3.6 mmol, 1.02 g in 1.1 ml of ether) was added to 
LiAlD< (1.56 mmol, in 5.84 ml of ether) at 0°. To the resulting 
reagent containing a precipitate was added benzaldehyde (1.0 
mmol, 106 mg in 0.3 ml of ether) at 0° within 3 min of mixing 
the reagent. The precipitate did not dissolve immediately but 
went into solution after stirring for 25 min at 0°. The reduction 
mixture was processed as in procedure A after standing overnight 
at 0° to give an oil which showed only very small amounts of im
purities by glc analysis (170°, retention time of PhCHO, 1.8 min, 
of PhCHDOH, 4.7 min). This was purified by preparative glc 
followed by distillation to give 0.07 g, [a]20D +0.68 ±  0.02° (c
6.7, C5H10), which showed 0.988 ±  0.005 deuterium atoms per 
molecule based upon the relative areas of the benzylic and aro
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matic nmr proton signals. This corresponds to a stereoselectivity 
of 43 ±  2%  of S - ( + ) enantiomer based upon the known maxi
mum rotation, [a]20n 1.58 ±  0.04° (c7.07, C5H10), and configura
tion for benzyl-a-d alcohol.“ -27 A 22-mg sample of this product 
was converted to the (R)-MTPA derivative (55 mg). Although 
the nmr signals of neither the benzylic nor OCH3 protons of the 
resulting diastereomers were appreciably separated at 100 MHz 
in CDCls solvent, in the presence of 0.4 M  Eu(fod)3 shift reagent 
the benzylic signals appeared respectively at 6.35 and 6.45 ppm 
(100 MHz) with relative areas 70:30 corresponding to a 40 ±  2%  
e.e. of the S  enantiomer.

According to procedure B (duplicating experiment 26, Table I), 
212 mg of benzaldehyde was treated with a solution prepared 
by adding amino alcohol 6 (2.04 g, 7.2 mmol in 6 ml of ether) to 
LiAlDi (2.4 mmol in 8 ml of ether). After the indicated process
ing, an oil, 0.76 g, which was 72% benzyl alcohol and 28%  
benzaldehyde, was purified by glc and distillation to give benzyl- 
a - d  alcohol, 0.98 ±  0.01% deuterium atoms per molecule (by 
nmr), [ a ] 2ilD +0.33 ±  0.04° ( c  5.54, EtOH), corresponding to
19.5 ±  3% e.e. of the £ -(+ )  enantiomer based on [«]20d +1.70° 
(c 2, EtOH) for the pure S  enantiomer.

Reduction of Acetophenone with LiAlD,-R*OH.— At 0° ac
cording to procedure A, duplicating experiment 13, Table I but 
substituting LiAlD< for LiAlH, there was obtained an almost 
quantitative yield of l-phenylethanol-l-d, [<*]20d +38.9° (c 6.13, 
C6Hio), 0.99 deuterium atoms per molecule. Assuming that the 
rotation of the deuterio and isotopically normal compounds are 
the same, an assumption which could easily introduce a ± 3 %  
error, the stereoselectivity of the reaction to give the R  enantio
mer was 90%. A sample of this carbinol was converted to the 
MTPA derivative and the nmr spectrum was taken in the pres
ence of 0.2 M  Eu(fod)3 shift reagent. Integration of the OCH3 
signals indicated an 81.4% excess of the R  enantiomer. Another 
run using 1:1.54 molar ratio of LiAlD,:6 gave [a]20D +34.5° (c
6.72, CsHio), [a] 20d +34.9° (c 5.94, CsHjo), corresponding to 80%  
e.e. on the assumption that the presence of deuterium does not 
appreciably alter the optical rotation. Conversion of this deriva
tive to the MTPA derivative followed by integration of the OCH3 
nmr signals in the presence of 0.2 M  Eu(fod)3 gave a value of 
79.5% e.e. We discount the high rotation obtained in the initial 
experiment and conclude that the reaction goes with a stereo
selectivity of approximately 80%.

Registry N o.—6, 38345-66-3; lithium aluminum 
hydride, 16853-85-3.

(27) V . E . A lthouse, D . M . Feigl, W . A . Sanderson, and H . S. M osh er26 
have reported  the m axim um  neat ro ta tion  o f  ben zy l-a -d  a lcoh ol as a 24n 
+  1.66 ±  0 .01° (neat, l 1). A  sam ple o f  b en zy l-a -d  a lcoh ol from  ferm enta
tion  o f  ben zaldeh yde-a -d  w ith  89 ±  2 %  deuterium  had a 24D + 1 .4 3  ±  0 .02° 
(neat, l  1) and [a ]2°D + 0 .1 0 0  =fc 0 .001° (c 7.07, CsH io). O n  this basis [ « ] 2°d 
+  1.58 =fc 0 .04° (c 7, C 5H 10) is the m axim um  specific  ro ta tion  in this solvent.
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I chiro M oritani and T sutomu T eraji

D e p a r t m e n t  o f  C h e m i s t r y ,  F a c u l t y  o f  E n g i n e e r i n g  S c i e n c e ,  O s a k a  U n i v e r s i t y ,  T o y o n a k a ,  O s a k a ,  J a p a n

R e c e i v e d  J u l y  2 6 ,  1 9 7 2

A number of ethylenes substituted by cyclopropyl group(s) (la-lk) are found to undergo thermal [2 +  2] 
cycloaddition with tetracyanoethylene under mild conditions. Among the olefins studied, 1,1-dicyclopropyl- 
ethylene (la) was the most reactive while 1,2-dicyclopropylethylene (Id and le) were the least reactive; namely, 
geminal cyclopropyls greatly enhanced the reactivity of ethylene. It was noted that the rate of reaction is in
fluenced by solvent polarity; in other words, the reaction proceeds rapidly in a polar solvent: k 2 (acetonitrile)/ 
(ethyl acetate) =  103. Further, the cycloaddition was found to be more than 90% stereospecific. It was sur
mised that the present cycloaddition should be a donor-acceptor cycloaddition of tetracyanoethylene with cyclo
propylethylene, which is highly electron rich.

Tetracyanoethylene (TCNE)2 has been known not 
only as a very reactive dienophile3 but also as an ac
tivated olefin which is capable of undergoing [ 2 + 2 ]  
cycloaddition4 with some conjugated olefins and with 
electron-rich olefins.2'5'6 Interestingly, it reacts also 
with cyclopropyl ethylenes7 in a [2 +  2] manner under 
mild conditions.1 Recently, Effenberger and Podszun8 
and Barton and Rogido9 also demonstrated the high 
reactivities of 1,1-dicyclopropylethylene and 2-cyclo- 
propylpropene in a [2 +  2] cycloaddition with iso
cyanates.

Results

Structure and Reactivity of Olefins.—Various mono-, 
di-, and tricyclopropylethylenes (la-lk) produce [2 +  
2] cycloadducts in their reaction with TCNE (Table I). 
Among olefins, the most reactive ethylene is 1,1- 
dicyclopropylethylene (la). The rate of reaction was 
so rapid that the color developed and disappeared at 
once, and immediate evaporation of the solvent gave the 
adduct 2a in a quantitative yield. The reaction was 
somewhat slower with 1,1-dicyclopropylpropene (lb) 
and much slower with l,l-dicyclopropyl-3-methyl-l- 
butene (lc). The reactivity sequence observed here,

(1) P relim inary com m u n ication s: (a) S. N ishida, I . M oritan i, and T .
T era ji, C h e m . C o m m u n ., 501 (1970); (b ) i b i d . ,  36 (1971).

(2) F or  a  leading reference on  the chem istry  o f  p o ly cy a n o  olefins, see E . 
C iganeek , W . J. L inn, and O . W . W ebster  in “ T h e C h em istry  o f  C yan o 
G rou p ,”  Z . R a p p op ort, E d ., Interscience, N ew  Y ork , N . Y . ,  1970, C h apter 9.

(3) J. Sauer, A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  6, 16 (1967).
(4) J. D . R ob erts  and C . M . Sharts, O r g . R e a c t . ,  12, 2 (1962).
(5) (a) A . T . B lom qu ist and Y . C . M ein w ald , J .  A m e r .  C h e m . S o c . ,  79, 

5316 (1957); (b ) A . T . B lom quist and Y . C . M ein w ald , i b id . ,  81, 667 (1959); 
(c) J . K . W illiam s, i b i d . ,  81, 4013 (1959); (d ) K . H afner and J. Schneider, 
J u s t u s  L i e b i g s  A n n .  C h e m .,  624, 37 (1959); (e) R . Criegee, A n g e w .  C h e m .,  
I n t .  E d .  E n g l . ,  1, 519 (1962); (f) C . A . Stew art, Jr., J.  A m e r .  C h e m . S o c . ,  84, 
117 (1 962 ); (g) C . A . Stew art, Jr., J. O r g . C h e m .,  28, 3320 (1963); (h) R .  C . 
C ook son , J. D an ce , and J. H u d ec, J.  C h e m . S o c . ,  5416 (1964); (i) C . A . 
Stew art, Jr., J.  A m e r .  C h e m . S o c . ,  87, 4021 (1965); ( j)  J. J. Eiseh and G . R . 
H usk, J .  O r g . C h e m .,  31, 589 (1966).

(6) (a ) J. K . W illiam s, D . W . W illey , and R . C . M cK u sick , J.  A m e r .
C h e m . S o c . ,  84, 2210, 2216 (1962 ); (b ) R . W . H offm ann  and H . H auser,
A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  3 , 380 (1964); (c) R .  C . C ook son , B . H alton , 
I . D . R .  Stevens, and C . T . W atts , J. C h e m . S o c .  C ,  928 (1967 ); (d ) P . D . 
B artlett, Q u a r t .  R e v . ,  C h e m . S o c . ,  24, 473 (1970 ); (e) R . W . H offm ann , U . 
Bressell, J. G ehlhaus, and H . H auser, C h e m . B e r . ,  104, 873 (1971). F or 
leading references o f  related cyc loa dd ition s, see (f) S. P roscow , H . E . 
Sim m ons, and T . L. Cairns, J. A m e r .  C h e m . S o c . ,  88, 5254 (1966); (g) R . W . 
H offm ann , A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  7 , 754 (1968); (h) R .  G om pper, 
i b i d . ,  8 , 312 (1969).

(7) (a) S. N ishida, I . M oritan i, E . T suda, and T . Teraji, C h e m . C o m m u n . ,  
781 (1969); (b ) T . Teraji, I . M oritan i, E . T suda, and S. N ishida, J .  C h e m .  
S o c .  C ,  3252 (1971).

(8) F . E ffenberger and W . P odszun, A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  8, 976
(1969).

(9) T . J. B a rton  and R . J. R og ido , C h e m . C o m m u n . ,  878 (1972).

A x  / R ,
^ C = C  +  TCNE

Ri Ra

V

(CN)2
(CN)2

R*
2

a, Ri =  C-C3H5; R2 — R3 =  H
b, Ri =  C-C3H5; R2 =  CH3; R3 = H
c, Ri =  c-C3Hs; R2 =  CH(CH3)2; R3 =  H
d, Ri =  R2 =  H; R3 =  c-C3H5
e, Ri = R3 = H; R2 = c-C3H3
f, Ri = CH3; R2 or R3 = c-C3H5; R3 or R2 = H
g, Ri =  R2 = C-C3IÏ6; R3 = H
h, Ri = R2 — R3 — H
i, Ri =  CH3; R2 = Rs =  H
j, Ri =  C-C3H5; R2 =  C6H5; R3 =  H
k, Ri =  C-C3H5; R2 = Ra =  CHa

la >  lb >  lc, can be interpreted as the result of steric 
hindrance of the reaction caused by substitution at the 
2 position.

On the other hand, trans- and cfs-l,2-dicyclopropyl- 
ethylene (Id and le) exhibit the lowest reactivity. 
Under standard conditions (see Experimental Section), 
Id and le produce blue solutions, respectively, but 
the color remained unchanged even after a lapse of 
2 months in both cases. In a polar solvent at an ele
vated temperature, however, the same reaction took 
place, and the adducts 2d and 2e were isolated as crys
talline products. The nmr analyses of the crude ad
duct fraction show that the adduct was not contam
inated by its stereoisomer in both cycloadditions. 
Thus, it was concluded that the cycloaddition proceeds 
with a stereospecificity of more than 90% .10

Introduction of a methyl group on one of the olefinic 
carbons makes If much more reactive than the parent 
Id or le. The color faded in this case after ca. 5 hr under 
standard conditions. The third cyclopropyl group 
also brings about a reactivity increase, as seen in the 
reaction time of lg-

The least substituted ethylene, i.e., vinylcyclopro- 
pane (Hi), reacted fairly slowly, but the adduct 2h 
was isolated in 63% yield after 28-hr reflux in methylene 
dichloride. Again, the substitution of C -l hydrogen 
by a methyl markedly increased the reactivity of li.

2,2-Dicyclopropylstyrene (lj), in which the sub
stituent at the 2 position is phenyl, has a relatively 
lowr reactivity. Under standard conditions, it re-

(10) Nmr spectra of 2d and 2e differ at several points in that the mutual
contamination of the isomeric adduct can be detected by an nmr examina
tion when more than 10% of the isomer is present in the sample.
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T a b l e  I

C y c l o a d d i t i o n  R e a c t i o n s  o f  C y c l o p r o p y l e t h y l e n e  w i t h  TONE

E th y len e“ C om pd
CTmaxi nm, 
in C H 2CI2 Solvent

-R e a c t io n  con d ition s- 

T em p ,&
Tim e,

secc
P rod -

u ct 3 M p , “ C
Y ield ,

% d

1,1-(c-C,H6), la . . .« C H +b rt 1-2 2a 167-168 87
l,l-(c-C,H8)r-2-CH, lb (540)« CH2C12 rt 150 2b 153-155 81
1,1-(c-C3H6)2-2-CH(CH3)2 lc 550 CH2C12 rt 25,000 2c 136-137 81
frcms-l,2-(c-C3H5)2 Id 549 c h 3n o 2 100 9,000 2d 159-160.5 11/
cts-1,2-(c-C3H5)2 le 549 c h 3n o 2 100 9,000 2e 165-167 25/
1,2-(c-C3H6)2-1-CH3<' If 602 c h 2ci2 rt 17,000 2f 97-98.5 58
1,2,3-(c-CjH6), lg 635 c h 2ci2 rt 900 2g 161-162.5 76
C-C3H5 lh 420 c h 2ci2 Reflux 100,000 2h 124-125 63
1-c-C3H5-1-CH3 li 448 c h 2ci2 rt 1,400 2i 108-109.5 35
l,l-(c-C3H5)r2-C6H5 lj 400,600 CHsCN rt 430,000 2j 160.5-161.5 74
1,1-(c-C3H6)3-2,2-(CH3)2 lk 580 CH2C12 rt 140,000 2k 148-149 70

“  C -C 3 H 5 = cyclopropyl. 6 Room temperature (rt) was 20-25°; some experiments were carried out in a thermostat at 25 or 100°. 
« Time required for the completion of color change. d Based on the isolated and recrystallized product. « Color fading was so rapid 
that the measurement could not be made. 1 Some TCNE was recovered; yield is based on consumed TCNE. » A mixture of geo
metrical isomers. h Satisfactory analytical and osonometric molecular weight data were reported for all products listed in the table: 
Ed.

quires more than 1 month for the completion of the 
color change. In acetonitrile, the addition was com
pleted after a lapse of 5 days at room temperature 
and the [ 2 + 2 ]  cycloadduct 2j was isolated in a 74% 
yield.

Effect of Solvent Polarity.—The cycloaddition of lg 
with TCNE was carried out in various solvents and the 
time required for the completion of the color change was 
determined at 25°. The results are summarized in 
Table II. The reaction proceeds quickly in a polar

T a b l e  II
E f f e c t  o f  S o l v e n t  P o l a r i t y  o n  t h e  

R a t e s  o f  C y c l o a d d i t i o n  a t  25°
/— lg +  T C N E — - ,—p -M eth oxystyren e  +  T C N E —*

Y ie ld
Tim e, o f  2g, T im e, Rel

Solvent sec“ % sec “ ' 6 rate0

CH3CN 30 80 570
c h 3n o 2 35 80 60
c h 3c h 2c h 2n o 2 240 78
c h 2ci2 600 66 340
CHCls 1,200 70
CHsCOOCiHs 28,000 81 80,000 1.0
c 6h I2 2, 600,000 0.00091

“ Time required for the completion of color change of the
solution. 6 Reference 6a. « Calculated from fc2 (1. mol 1 sec *)
obtained by Wiley and Simmons, cited in ref 11a.

solvent such as nitromethane or acetonitrile and 
slowly in ethyl acetate. The solvent effect observed 
here is very similar to those reported for the cyclo
addition of p-methoxj'styrene with TCNE.6a'6d'n

It will be noteworthy to mention that the products 
isolated in various solvents are all identical, and no 
2:1 cycloadduct has been so far detected.11 12 * The 
formation of the same adduct as a single product in a 
different solvent was also examined in other cases. 
Moderately reactive lk  gave the adduct 2k in aceto

(11) (a) E . M . K osow er, P r o g r .  P h y s .  O r g . C h e m .,  3 , 81 (1965); (b ) E . M* 
K osow er, “ A n  In trod u ction  to  P h ysica l O rganic C h em istry ,”  W iley , N ew  
Y ork , N . Y .,  1968, part 1.7.

(12) In  som e d on or -a ccep tor  cyc loa dd ition s, a 2 :1  cy c loa d d u ct has been
isolated. See (a) M . E . K uehne and L. F oley , J .  O r g . C h e m .,  30, 4280 (1965);
(b) P . O tto, L. A . Feiler, and R . H uisgen , A n g e w .  C h e m .,  I n t .  E d .  E n g l , ,  7 ,
737 (1968); (c) R . H uisgen, B . A . D avis, and M . M orikaw a, i b i d . ,  7 , 826
(1968). See also ref 6 a.

nitrile (70% yield) or in methanol (23% yield) without 
any other characterizable adduct. The low yield of 
2k in methanol is due to the consumption of TCNE 
by methanol (see Experimental Section). Indeed, 
the highly reactive la gave 2a in 78% yield in meth
anol, while the low-reactive l j produced 2j only in a 
9%  yield. Trapping of a possible intermediate by 
methanol or of the 2:1 adduct has thus been unsuc
cessful.

Discussion

The present cycloaddition behaves like a thermal13 
[2 +  2 ] cycloaddition of an electron-rich olefin with a 
strongly electron-demanding TCNE (donor-acceptor 
cycloaddition). It strongly suggests that the cyclo
propylethylene should be a highly electron-rich olefin 
like vinyl ether.6 In fact, some representative cyclo- 
propylethylenes have shown extraordinarily low ion
ization potentials as an alkene.14 * Thus, 8.08 eV was 
found for the adiabatic ionization potential of la, 
7.72 eV for Id, 7.70 eV for le, and 7.48 eV for lg, re
spectively. However, it was not the olefin of lowest 
ionization 'potential that shows the highest reactivity in 
the present cycloaddition. For example, the most reac
tive la possessed a rather high ionization potential, 
while lg  showed a mere moderate reactivity in the 
cycloaddition, although its ionization potential was 
the lowest. Moreover, in a comparison of three di- 
cyclopropylethylenes, the ionization potentials of 1,2- 
dicyclopropylethylenes (Id and le) were considerably 
lower than that of 1,1 isomer la, but Id or le  was far 
less reactive than la. Apparently, the geminal cyclo
propyls greatly enhance the reactivity of ethylene.16 
The important factor for the ease of the present cyclo
addition, besides a high reactivity of TCNE, will 
thus be the strong stabilizing interaction of the cyclo-

(13) In  com plete  dark, the reaction  o f  l g  w ith  T C N E  proceed ed  at the 
sam e rate as th at under room  light. A lso, illum ination  o f  a b lu e  so lu tion  o f  
l j  w ith T C N E  w ith a 100-W  tungsten  lam p resulted in no change either in 
the reaction  rate or in the course o f  the reaction . Therefore, the reaction  is 
therm al.

(14) S. N ishida, I . M oritan i, and T . T era ji, C h e m . C o m m u n .,  1114 (1972).
(15) G ra f also noted  in  their stu d y  on  the cyc loa d d ition  o f  JV-chloro-

su lfon y l isocyanate  w ith  alkenes th at the olefin  possessing a structu re  o f 
R 2C = C H 2 has a m uch higher reactiv ity  than  th at o f  R H C = C H R :  R . G raf,
J u s t u s  L i e b i g s  A n n .  C h e m .,  661, 111 (1963 ); A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  7 , 
172 (1968).
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propyl group with an adjacent electron-deficient center16 
in the highly polarized transition state.17 A methyl 
substitution at the 1 position of cyclopropylethylene 
also results in a reactivity increase, but its effect ap
pears to be smaller than that caused by a successive 
cyclopropyl substitution ( la : li and lg : If). The 
methyl group will stabilize the polarized transition 
state also, but cyclopropyl accomplishes it to a much 
higher extent.

The substitution by an alkyl at the 2 position re
sults in the reactivity decrease primarily because of 
the steric hindrance, which can be seen in a reactivity 
sequence of la >  lb  >  lg >  lc. An exception for the 
trisubstituted ethylene was l j ,  which reacted much 
more slowly than either one of the trisubstituted cyclo- 
propylethylenes. Its low reactivity may be due to 
self-quenching of the reaction.18 To reach the transi
tion state, it may be necessary for the TONE to form 
a complex with the double bond to be reacted, but in 
lj the TONE may primarily form a complex with the 
extended 7r-electron system (the styrene moiety) of 
1 j and it will be far less effective for the cycloaddition.

The olefin lk  is tetrasubstituted; thus it should have 
a considerably large steric hindrance. Yet the same 
cycloaddition proceeds rather smoothly. Again, the 
geminal cyclopropyls greatly enhance the reactivity 
of the ethylene.

Experimental Section
General.— Ir spectra were recorded on either a Hitachi EPI-S2 

spectrophotometer or a Hitachi 215 grating infrared spectro
photometer. Electronic absorption spectra were taken on a 
Hitachi EPS-2U recording spectrophotometer. Nmr spectra 
were obtained with either a JEOL JNM-4H-100 or a JNM MH- 
60 spectrometer. Elemental analyses were performed either by 
the Microanalytical Laboratory, Faculty of Engineering Science, 
Osaka University, or by the Microanalytical Laboratory, Faculty 
of Pharmacy, Hokkaido University. Melting points are un
corrected.

The cycloaddition was carried out by mixing the two com
ponents in an appropriate solvent. Standard reaction conditions 
are set as 0.05 M  for both reactants in methylene dichloride at 
room temperature. When the reaction was carried out in aceto
nitrile or in methanol, the concentrations of the two reactants 
increased up to 0.5 mol/1. The time required for the completion 
of the color change was determined as a measure for the reaction 
rate.6“

After the color change was completed, the product was isolated 
and characterized in the usual manner. In the following section, 
experiments of some representative ethylenes with TONE are 
described.

Reaction of 1,1-Dicyclopropylethylene (la) with TCNE. In 
Methylene Dichloride.— To a solution of 640 mg (5.00 mmol) of 
TCNE in 100 ml of methylene dichloride, 550 mg (5.10 mmol) 
of la was added in one portion. A reddish brown color developed 
instantly but the solution became colorless after 1 or 2 sec. The 
solvent was evaporated immediately, and the residual solid, mp 
164-167°, was recrystallized from the chloroform-carbon tetra
chloride (1:2) mixture; 1026 mg (87%) of 2a was obtained. 
Pure crystals melted at 167-168°. The high melting point and

(16) C . D . P ou lter  and S. W instein , J .  A m e r . C h e m . S o c . ,  94, 2297 (1972), 
and references c ited  therein.

(17) R . H uisgen, R . G rashey, and J. Sauer, in “ T h e  C h em istry  o f  A l-  
kenes,”  V o l. 1, S. P ata i, E d ., Interscience, N ew  Y ork , N . Y . ,  1964, p  787; 
see also ref 2, 6, 9, 11, and 12.

(18) T h e cy c loa d d ition  was e ffectively  slow ed dow n b y  an add ition  o f  an
equ im olar q u a n tity  o f  nonreacting arom atic h ydrocarbon . Thus in the 
presence o f various arom atics, the fo llow in g  tim e was necessary for the reac
tion  o f l b  w ith T C N E  under standard con d ition s: m esitylene, 27 m in; p -

xylene, 19 m in ; toluene, 11.5 m in ; benzene, 5.5 m in ; and cycloh exane, 2.5 
m in. Thus, the com plexed  T C N E  w ith a nonreacting arom atic h ydrocarbon  
is no m ore reactive, or at least far less reactive, than the free T C N E .

ir of the crude product were strong evidence supporting the fact 
that the cycloaddition was proceeding quantitatively.

In Methanol.— A solution of 642 mg (5.02 mmol) of TCNE  
in 8 ml of absolute methanol was made at 25°, and 541 mg (5.01 
mmol) of la was added to it in one portion. An orange-red color 
developed but it faded after c a .  10 sec. Solvent evaporation and 
recrystallization gave 917 mg (78%) of pure 2a. A comparison 
run on mixture melting point and ir confirmed the identity of the 
two samples.

Reactions of /3,j3-Dicyclopropylstyrene (lj) with TCNE.— A
dark violet solution (Xma* 376 and 545 nm) of 321 mg (2.43 mmol) 
of TCNE and 465 mg (2.53 mmol) of lj in 5 ml of acetonitrile 
was kept at room temperature. The absorption maximum at 
545 nm decreased in intensity with the lapse of time and two new 
absorptions appeared at 387 and 415 nm. After 5 days, the 
color of the solution became yellow and no more change was 
observed. Therefore, the solution was concentrated under re
duced pressure and the resultant residue was recrystallized from 
benzene. The adduct 2j was isolated as colorless needles, 581 
mg (74%). Analytically pure material melted at 160.5-161.5° 
dec. The yellow product, which appears to be the cause for two 
absorptions at 387 and 415 nm, which formed was so small in 
quantity that the product could not be characterized.

In methanol, under an argon stream, the same adduct 2j was 
isolated in 9%  yield after 9 days of reaction. When TCNE 
(320 mg) alone was dissolved in 5 ml of methanol, it reacted with 
the solvent at room temperature and the recovered TCNE after 
24 hr was a mere 14 mg (4% recovery).

A blue solution (Xmax 400 and 600 nm) of 323 mg (2.52 mmol) 
of TCNE and 4662 mg (25.3 mmol) of lj in 100 ml of methylene 
dichloride was irradiated with a 100-W tungsten lamp from the 
bottom of the reaction flask. The mixture refluxed gently during 
the illumination. After 40 hr, it became light green, and it was 
yellow after 53.5 hr. The solution was concentrated under re
duced pressure and the residue was washed with petroleum ether 
(bp 30-60°), mp 156-157° dec, 739 mg (94%). The ir spectrum 
of the present sample was superimposable on that of pure 2j 
obtained before.

In a separate flask, a mixture very similar to the above was 
refluxed gently without illumination. The solution became light 
green after 35 hr and light brown after 41.5 hr.

Spectroscopic Data.— In ir spectra, all adducts exhibited the 
C = N  stretching vibration at 2240-2260 and cyclopropyl vibra
tions at 3010-3110 and 1015-1025 cm-1. In the nmr (Table III),

T a b l e  III
N m r  S p e c t r a  o f  t h e  A d d u c t “

A d 
d u ct ,---------------------------------------— N m r signals, i----------------------------------------------- .

2a 7.88 (s, 2 H), 8.85-9.95 (m, 10 H)
2b 7.48 (q, 1 H, /  = 7 Hz), 8.72 (d, 3 H, /  =  7 Hz), 8 .2 -

10.3 (m, 10H)
2c 7.7 (m, 2 H), 8.92 (d, 3 H, /  =  6 Hz), 9.03 (d, 3 H, 

J  = 6 Hz), 8 .4 -9 .7  (m, 10 H)
2d 7.6 (m, 2 H), 8 .7 -9 .7  (m, 10 H)
2e 7.45 (m, 2 H), 8.35-9.75 (m, 10 H)
2g 7.67 (d, 1 H , /  =  10Hz), 8 .2 -9 .9  (m, 15H)
2h 7.1 (m, 3 H), 8 .8 -9 .6  (m, 5 H)
2i 7.25 (s, 2 H), 8.45 (s, 3 H), 8 .6 -9 .8  (m, 5 H)
2j 2.25 (s, 5 H), 4.20 (s, 1 H), 8 .1 -9 .9  (m, 10 H)
2k 8.35 (s, 6 H), 8 .7 -9 .4  (m, 10 H)
“ In CDC13 except 2g, which was recorded in CD3COCD3.

signals due to cyclobutane ring protons, methyl, isopropyl, and 
phenyl appeared at reasonable positions with reasonable split
tings. Cyclopropyl protons appeared, in general, as two to four 
groups of complex multiplets with varying signal areas. The 
total numbers of cyclopropyl protons were, of course, those de
duced from the [2 +  2] cycloadducts. In cycloadditions of 
tetracyclopropylethylene with TCNE and l,l-dieyclopropyl-2,2- 
diphenylethylene dith TCNE,lb [2 +  2] cycloadducts were not 
produced but TCNE was cycloadded to one of the cyclopropane 
ring. Thus, in these adducts, additional signals due to cyclo
pentyl ring protons appeared at lower fields. Comparisons of 
these nmr spectra with those of the present adducts confirm the 
structure of the present products as [2 +  2] cycloadducts.
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S e c o n d a r y  D e u t e r iu m  I s o t o p e  E ffe c t s  in  t h e  S o lv o ly s is  o f  
C y c lo b u t y l  a n d  C y c lo p r o p y lc a r b in y l  M e t h a n e s u l fo n a t e s

B. G o r ic n ik , Z. M a je r sk i, S. B orcic ,* an d  D. E. Sunko  

I n s t i t u t e  R u d j e r  B o l k o v i c ,  4 1 0 0 1  Z a g r e b ,  C r o a t i a ,  Y u g o s l a v i a  

R e c e i v e d  J u l y  1 0 ,  1 9 7 2

Deuterated cyclobutyl methanesulfonates la-d and cyclopropylcarbinyl methanesulfonates 2a-d were pre
pared and their solvolysis rates were measured in 60% aqueous diglyme. With cyclobutyl methanesulfonates, 
a reduced a  effect, an inverse ¡3 effect, and a rather large normal y  effect were observed. These results indicate 
a strong 1-3 interaction in the transition state. The isotope effects found in solvolysis of cyclopropylcarbinyl 
methanesulfonates are inconclusive with respect to a possible bridging in the transition state. A degenerate 
internal rearrangement of cyclopropylcarbinyl methanesulfonate was demonstrated to occur during acetolysis.

Since the early work by Bergstrom and Siegel1 and 
Roberts, et al.,2 solvolytic rearrangements of cyclo
propylcarbinyl and cyclobutyl derivatives remained 
on the scene of mechanistic chemistry.3 4 However, 
even after two decades the exact structure of the sol
volytic intermediate(s) is still ambiguous. Recent 
results45 clearly showed that the cyclopropylcarbinyl 
— cycloproplycarbinyl, the cyclopropylcarbinyl —► 
cyclobutyl, and the cyclopropylcarbinyl —► allylcarbinyl 
rearrangements are highly stereospecific, the rotation of 
the methylene group being completely absent during 
rearrangements. This conclusion has been more re
cently confirmed by the nmr studies of stable cyclo
propylcarbinyl and cyclobutyl cations generated from 
the corresponding alcohols in SbF5-S 0 2ClF solutions 
at low temperatures.6 The nmr spectra showed three 
signals: two three-proton methylene doublets and 
a one-proton methine multiplet. Cyclobutyl and 
cyclopropylcarbinyl derivatives appear to solvolyze 
by forming in the rate-determining step one and two 
intimate ion pairs, respectively, which then further 
ionize to the corresponding equilibrating solvent- 
separated ion pairs.7-8 A number of nonclassical struc
tures for the intermediate cations could fit this scheme.

In this paper we wish to report about secondary 
isotope effect studies in the solvolysis reaction of cy
clobutyl and cyclopropylcarbinyl methanesulfonates 
which lead, inter alia, to a reinterpretation of some 
earlier findings.9

(1) C . G . B ergstrom  and S. Siegel, J .  A m e r .  C h e m . S o c . ,  74, 145 (1952).
(2) M . C . Caserio, W . H . G raham , and J. D . R ob erts . T e tr a h e d r o n ,  11, 

171 (1960), and references cited  therein.
(3) R ev iew s: C hapters b y  H . G . R ich ey , Jr., and b y  K . B . W iberg, 

B . A . Andes, Jr., and A . J. A sh e in  “ C arbon iu m  Ion s ,”  V ol. I l l ,  G . A . Olah 
and P . v . R . Schleyer, E d ., In terscience, N ew  Y ork , N . Y .,  1971.

(4) Z. M a jersk i and P . v . R .  Schleyer, J .  A m e r .  C h e m . S o c . ,  93, 665 
(1971), and references c ited  therein.

(5) K . B . W iberg  and G . Szeimies, J .  A m e r .  C h e m . S o c . ,  92, 571 (1970); 
90, 4195 (1968).

(6) G . A . Olah, C . L . Jeuell, D . P . K elly , and R . D . Porter, J .  A m e r .  
C h e m . S o c . ,  94, 146 (1972).

(7) Z. M ajerski, S. B or£ic, and D . E . Sunko, T e tr a h e d r o n ,  25, 301 (1969).
(8) Z. M ajerski, S. B orciè , and D . E . Sunko, C h e m . C o m m u n . ,  1636

(1970).
(9) S. Borèié, M . N ik oletic, and D . E . Sunko, J .  A m e r .  C h e m . S o c . ,  84, 

1615 (1962).

Results

Specifically deuterated cyclobutyl methanesulfo
nates la -d  and cyclopropylcarbinyl methanesulfo
nates 2a-d were prepared as described in the Experi
mental Section.

The acetolysis of the cyclopropylcarbinyl deriva
tives is known to be accompanied by an internal re
turn to cyclobutyl isomers.2 Therefore, a degenerate 
cyclopropylcarbinyl cyclopropylcarbinyl rearrange
ment could also be expected. Such an internal re
turn reaction could change the rate constant during 
the solvolysis of deuterated cyclopropylcarbinyl deriva
tives because of the label scrambling. In the present 
work we checked this possibility by following the acetol
ysis of cyclopropylcarbinyl-/ ,l-d2 methanesulfonate 
(2a) in perdueterated acetic acid at 37° using the nmr 
technique. The observed changes of the proton 
signals are shown in Figure 1. The spectra in Figure 1 
clearly demonstrate the occurrence of a degenerate 
cyclopropylcarbinyl rearrangement reaction as well as 
the internal return into cyclobutyl methanesulfonate 
and the formation of two corresponding acetates. The 
relative rates obtained by integration of the final spectra 
are given in the scheme below.

£)>— CD2OMs VD£>— CH2OMs

/ °-2 4 5J,

H

OMs 1--------OAc
w

d2 d2

CH2OAc 55$> 

£>— CD2OAc 45%

These results are in good agreement with previous 
experimental evidence.2’8

Methanesulfonates la -d  and 2a-d were solvolyzed 
in 60% aqueous diglyme at 40° and the reaction rates 
were followed by continuous titration of liberated acid 
by means of an automatic recording titrator. The 
rate constants and the corresponding kinetic isotope
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Figure 1.— The acetolysis of cyclopropylcarbinyl-f ,i-d2 methanesulfonate (2a) in CD3COOD followed by nmr at 37°.

effects were calculated using a nonlinear least square 
program. The results are given in Table I.

The internal rearrangement of cyclopropylcarbinyl 
to cyclobutyl methanesulfonate under the experimental 
conditions used for kinetic measurements is known7 
to account for only 10% of the reaction products. 
Hence, it can easily be shown, on the basis of the rela
tive rates in acetic acid as given in the scheme, that 
the maximum concentration of 2c (2a) occurring during 
the solvolysis of 2a (2c) is too low to produce experi
mentally detectable reaction rate changes.10

Discussion

Solvolysis of Cyclobutyl Methanesulfonates.—The
«-deuterium isotope effect in the solvolysis of cyclo
butyl methanesulfonate (1.10) is small compared to the 
maximum possible value for the solvolysis of a sec
ondary sulfonate ester (1.22).11 It is difficult to ascribe 
this reduction in magnitude of the isotope effect un
equivocally to a single distinct cause. According to 
Shiner11 a maximum a effect can be expected if in the 
reaction transition state there is no covalent bonding 
between the a carbon and either the leaving group or 
the nucleophile. In the particular case examined, 
nucleophilic participation by the solvent (k8) is not 
probable, since the reaction products are extensively 
rearranged. Under the experimental conditions used 
in this work, it is possible that ionization (formation 
of the intimate ion pair) is the rate-determining

(10) I t  appears from  the nm r spectra  th at in acetolysis  th e  m axim um  
con cen tra tion  o f  the rearranged cyc lop rop y lca rb in y l m ethanesulfonate is 
reached  b y  the tim e w hen one th ird  o f  the final am ou n t o f  th e  rearranged 
cyc lop rop y lca rb in y l a ceta te  is form ed. A t  th at tim e the con cen tra tion  o f 
both  o f  these com pou n ds is abou t equal. F rom  these data  and the relative 
rates in the schem e it  can  be  ca lcu lated  th at the m axim um  con cen tra tion  o f 
2a  (2c) in  the acetolysis o f 2 c  (2a ) is a b ou t 5 %  o f  the in itia l con cen tration  
o f  th e  starting m ethanesulfonate. D u rin g  acetolysis, 6 0 %  o f cy c lop rop y l- 
carb in y l m ethanesulfonate intern ally  rearranges to  cy c lo b u ty l m ethane
su lfon ate as com pared  w ith  on ly  1 0%  during solvolysis in  6 0 %  aqueous 
d ig lym e. I t  can  be  assum ed th a t in the latter so lven t th e  degenerate 
internal rearrangem ent w ou ld  be also corresp ondingly  less im portan t.

(11) V . J. Shiner, Jr., and R . D . Fisher, J .  A m e r .  C h e m . S o c . ,  93, 2553
(1971), and references cited  therein.

step. In such a case, there would still be some co
valent bonding between the reaction center and the 
leaving group in the transition state and the a effect 
should be reduced in magnitude. However, the effect 
is too low (by about 5%) to be ascribed to simple 
ionization as rate determining.12“ On the other hand, 
maximum overlap calculations and 13C-H  coupling 
constants show that C-H  bonding orbitals in cyclo
butane have less p character (sp2-65) than the corre
sponding orbitals in a tetrahedral carbon.13 Since 
«-deuterium effects have been rationalized in terms of 
hybridization changes occurring at the reaction center, 
it is possible that the small «  effect in the solvolysis of 
cyclobutyl methanesulfonate reflects this special hy
bridization in the ground state. Finally, neighboring 
group participation (kA) is analogous, with respect to 
isotope effect, to nucleophilic partipation by the solvent 
(fc8). Streitwieser suggested14 that participation could 
reduce the magnitude of the «  effect. Available data 
demonstrate16 that, indeed, the «  effect is significantly 
reduced by participation, but only when the new bond 
is already rather strong in the reaction transition state. 
Thus, the reduced «  effect measured in solvolysis of 
cyclobutyl methanesulfonate could also be ascribed to 
neighboring group participation.

Secondary /3-deuterium isotope effects have been 
rationalized in terms of hyperconjugation and amount 
to 1.00 <  ku/k-o <  1.30 per atom D, depending on the 
dihedral angle between the incipient empty p orbital 
and neighboring C-H(D) bonding orbitals.16 The

(12) R ev iew : C h apter 2 b y  V . J. Shiner, Jr., in  “ I so to p e  E ffects  in
C h em ica l R ea ction s ,”  C . J. Collins and N . S. B ow m an, E d ., A C S  M o n o 
graph 167, Van N ostran d -R ein h old , P rinceton , N . J., 1970, (a) p p  115—118; 
(b ) p  98; (c ) p  107; (d ) p  121.

(13) M . R andi6  and Z . B . M aksi6, C h e m . R e v . ,  72, 43 (1972).
(14) A . Streitw ieser, Jr., “ S o lvo ly tic  D isp lacem en t R ea ction s ,”  M cG ra w - 

H ill, N ew  Y ork , N . Y ., 1962, p p  173-175.
(15) R ev iew : C h apter 3 b y  D . E . Sunko and S. B or£i6 in “ Iso top e

E ffects  in C h em ical R ea ction s ,”  C . J. Collins and N . S. B ow m an , E d ., 
A C S  M on ograp h  167, V an  N ostran d -R ein h old , P rin ceton , N . J., 1970, 
and references cited  therein.

(16) V . J . Shiner, Jr., and J. S. H um phrey, Jr., J .  A m e r .  C h e m . S o c . ,  85, 
2416 (1963).
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T a b l e  I

Deuterium Isotope Effects in the Solvolysis of the Cyclobutyl (1)° and 
Cyclopropylcarbinyl (2)h Methanesulfonates in 60% Aqueous Diglyme

D euterium

C om pd
C om pd

no.
content

%
T em p,

°C kn/kBc
D

j— |— OMs la 98 40 1.102(1) 1.103(1)

P2|—j— OMs lb 93 40 0.934(6) 0.928(6)

D
D2i— I—  OMs

u d 2
Ic 94 40 1.001(4) 1.004(4)

|— j— OMs 
d 2L J Id 76 40 1.055 (3) 1.077 (2)

t > — CD2OMs 2a 98 20 1.298(1) 1.319 (1)
D

t/J— CH2OM8
2b 94 20 1.014(1) 1.015(1)

°2[>—  CH2OMs 2c 98 20 0.964(3) 0.963 (2)

— CH2OMs 2d 96 20 0.941(4) 0.938(3)
° Rate constant for undeuterated 1 was 2.725 X 10-4 sec-1. 4 Rate constant for undeuterated 2 was 2.607 X 10-3 sec-1. c The 

values of isotope effects were calculated from four to six individual rate constants for both deuterated and undeuterated compounds; 
the errors are given as standard errors, e.g., 1.102 (1) = 1.102 ±  0.001. d The values corrected to 100% deuterium content.

inverse isotope effect observed in the solvolysis of lb  is 
a quite unusual result17 and requires a specific mech
anistic interpretation. If the reaction transition state 
resembles a classical cyclobutyl cation, the unusual (3 
effect cannot be due to conformational factors. On 
the basis of the increased angle strain it could be ex
pected that the no-bond resonance structures such as 
B contribute less to the resonance hybrid describing 
the incipient cation than do the corresponding struc
tures to the cyclopentyl cation. Thus different 18-

isotope effects in these two cases could be explained by 
different amounts of hyperconjugative electron release 
from neighboring C-H (D) bonding orbitals to the 
electron-deficient carbon in the reaction transition 
state. However, this argument rests upon the as
sumption that the strain in cyclobutene relative to 
cyclobutane is higher than in cyclopentene relative to 
cyclopentane. In fact, there is no evidence for such 
an assumption. On the contrary, the difference in the 
heats of formation is larger for the cyclopentene- 
cyclopentane pair (27.0 kcal/mol) than it is for 
the cyclobutene-cyclobutane pair (21.1 kcal/mol) .19

(17) T h e  observed  rate increase can  be  com pared  w ith  the (3 e ffect in 
solvolysis o f  c y c l o p e n t y l - £ ,2 ,5 ,5 - d 4  brosylate  (7 0 %  E tO H , 2 5 ° )  w here 
Ah A d equal to  1.88 was fo u n d .18

(18) J. O. Stoffer and J. D . Christen, J .  A m e r .  C h e m . S o c . ,  92, 3190
(1970).

(19) S. W . Benson, F . R . Cruickshank, D . M . G olden , G . R . H augen, 
H . E . O ’ N eal, A . S. R od gers, R . Shaw, and R . W alsh, C h e m . R e v . ,  69, 279 
(1969).

Therefore the effort to explain the inverse j8 effect ob
served with cyclobutyl-2,2,4-,4-di methanesulfonate in 
terms of a transition state resembling a classical cyclo
butyl cation seems fruitless. A reasonable approach 
to this problem seems to be search for analogous be
havior of other systems. A few years ago we suggested20 
that reduced 8-deuterium isotope effect could be used 
as a criterion for neighboring group participation in 
solvolysis. It is an outstanding fact that, in solvolysis 
of compounds for which neighboring group participa
tion has been demonstrated by other means, the cor
responding (3-deuterium effect is significantly reduced 
in every single case. This is illustrated in Table II by 
comparison21“ 26 (when possible) with the appropriate 
model compound. Thus by analogy we ascribe the 
unusual /3-deuterium isotope effect measured in the 
solvolysis of cyclobutyl methanesulfonate to neigh
boring group participation, i.e., to a 1-3 bonding inter
action in the rate-determining step.27

The observed rather large normal y-deuterium effect 
is consistent with this conclusion. An analogous be
havior has been observed in solvolysis of the y-deuter-

(20) M . N ikoletié , S. B or iié , and D . E . Sunko, T e t r a h e d r o n ,  23, 649
(1967 ) .

(21) R .  E liason , unpublished result.
(22) J. M . Jerkunica, S. B orcié , and D . E . Sunko, C h e m . C o m m u n . ,  1489

(1968 ) . T h e value reported  in this com m u n ication  for the exo com pou n d , 
Ah A d =  1-014, was show n to  be to o  low . See also B . L . M u rr and J. A . 
C onkling, J .  A m e r .  C h e m . S o c . ,  92, 3464 (1970).

(23) W . H . Saunders, Jr., S. A sperger, and D . H . E dison , J .  A m e r .  C h e m .  
S o c . ,  80, 2421 (1958).

(24) K , L. Servis, S. B orèié, and D . E . Sunko, T e tr a h e d r o n ,  24 , 1247 
(1968).

(25) M . Tarie, unpublished results.
(26) M . T o m ic  and I. Szele, unpublished  results.
(27) R ecen tly  w e obta in ed  the results28 from  theoretica l calcu lations o f  

the W o lfsb erg -S tern 29 type. I t  appears th at th e  inverse p  effect is due to  
a low  M M I  fa ctor  o f the B igeleisen equ ation  (Ah A d ~  M M I  X  E X C  X  
Z P E ). T h e  Z P E  factor  is reduced  in m agnitude bu t is larger than 
unity.

(28) B . G oricn ik , P h .D . Thesis, U niversity  o f  Zagreb, 1972.
(29) M . J. Stern and M . W olfsberg , J .  C h e m . P h y s . ,  45, 2618 (1966), 

and references cited therein.
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Table II
SOLVOLYTIC /S -D e UTERIRM  ISOTOPE EFFECTS

Compd
D

Ph2CDCH2OTs

PhCD2CH2OTs
c d3

□ f a

Model
*h/*d compd fcH/feD

0.98

1.09

1.10

1.01
1.00

1.09 

0.99

1.09

D3Ĉ
/

H3C
.CHOBs

D2

OBs

o<,cd3

'a

1.19

1.26

1.21

1.20

1.83

Ref

15, 21

15, 21 

15, 22

23
23

20, 24 

25, 15 

26

ated ezo-2-norbornyl derivatives.30 For compounds 
which do not solvolyze by anchimeric assistance, very 
small normal or slightly inverse y-deuterium effects 
have been measured.30 In our case, if bridging at y 
carbon occurs in the rate-determining step, some 
changes of the y-C-H(D) bond force constants can 
occur, resulting in a kinetic isotope effect. However, 
although an isotope effect can be expected, the direc
tion of this effect is rather difficult to rationalize. If 
bridging is depicted as in the following figure31 then 
it becomes apparent that the formation of the new

H

D D

bond to the y carbon is accompanied by a simulta
neous breaking of another bond to the same carbon. 
It can be expected that the bond-breaking process 
will tend to increase fcn/fcd while the bond-forming 
process will tend to decrease this ratio. Considering 
the observed y effect as analogous to a effects (with 
C2 as the leaving group and C, as the nucleophile) it 
can be expected that the bond-breaking process will 
influence more the composite kK/kD value than the 
bond-forming process. Such a result is due to the 
exponential nature of the correlation between the 
magnitude of the «  effect and the bond length attained 
by the bond forming/breaking process in the transi
tion state.15

A similar analysis could be carried out for the situa
tion pertaining to C2 in the transition state. However, 
here the bond-breaking process is accompanied by the

(30) J. M . Jerkunica, S. Bor6i£, and D . E . Sunko, J .  A m e r .  C h e m . S o c . ,  
89, 1732 (1967).

(31) W e d o  n ot pretend to  represent accurately  the structure o f  the 
transition state by  this figure.

development of the positive charge, which (in the 
first approximation) is not the case at C3. The elec
tron-donating inductive effect of deuterium relative 
to protium will tend to make fcH//cD <  1.00 and a com
posite, slightly inverse /3-isotope effect is observed.

Solvolysis of Cyclopropylcarbinyl Methanesulfonates. 
— In a previous paper9 we reported that the «-deute
rium isotope effect in ethanolysis of cyclopropylcar
binyl benzenesulfonate was larger than that in ace- 
tolysis. In view of recent development in the under
standing of «  effects, such a result is rather surprising. 
Namely, the acetolysis is accompanied by a competitive 
internal rearrangement to cyclobutyl benzenesulfonate, 
while this is not the case in ethanolysis. This indicates 
that the formation of the intimate ion pair is prob
ably rate determining in ethanolysis while the trans
formation of the intimate ion pair into external ion 
pair must be rate determining in acetolysis. Thus, 
in the transition state of acetolysis there should be no 
covalent bonding to the «  carbon, a situation which 
is associated with the maximum possible a effect.11 The 
transition state in ethanolysis involves probably some 
covalent bonding to the leaving group, and conse
quently the «  effect should be smaller than in acetolysis. 
A possible explanation of this apparent discrepancy 
could be a cyclopropylcarbinyl cyclopropylcarbinyl 
type of internal rearrangement competing with ace
tolysis which would scramble deuterium at positions 
1, 3 and 4. Such a rearrangement would result in an

[)>— CD2X ^

increasing trend in the rate constant with the per cent 
of completion of the reaction. This trend could have 
easily escaped detection by the experimental technique 
used in this early work.

The occurrence of competitive deuterium scrambling 
during acetolysis of a-deuterated cyclopropylcarbinyl 
methanesulfonate has now indeed been demonstrated 
by the nmr technique as described in the Results sec
tion of this paper. Thus it appears that the kK/kD 
value for acetolysis reported previously9 represents a 
composite a and y effect and that the «  effect is in 
fact larger.

It is difficult to estimate if the «-deuterium isotope 
effect of 1.32 reported in the present work is reduced in 
magnitude relative to the maximum possible effect. 
Primary alkyl derivatives normally do not solvolyze 
by the limiting dissociative mechanism, so that there 
is no good analogy for comparison. An isotope effect 
of 1.19 has been calculated for the change from CH3- 
CHDC1 to CH2= C H D .12b On the other hand, it 
has been shown that the tightness of binding of deute
rium may be nearly the same in a carbonium ion pair 
as in an alkene.12d Thus it can be estimated that a 
maximum ks/kr> value for the transformation RCD2C1 
—► RCD2+ of about 1.41 could be expected. As sul
fonate esters solvolyze with larger a effects than the 
corresponding chlorides,12a it could be indeed concluded 
that the «  effect in the solvolysis of the cyclopropyl
carbinyl methanesulfonate is less than the possible 
maximum value. This is of course, consistent with a 
1-3 interaction in the transition state, but is certainly 
not conclusive.



A very small /3-isotope effect is not very informative 
with respect to neighboring group participation. A 
small /3 effect could here be expected for a variety of 
possible mechanisms. Even in the (most improbable) 
case that the transition state resembles a classical ion 
the no-bond resonance of the type

P  D+
DX —  [)5=CH2 

ch2+

could be expected to be negligible and hence the iso
tope effect small.

Slightly inverse y effects32 can be explained without 
invoking bridging. Charge delocalization to C3 and 
C4 undoubtedly occurs in the rate-determining step. 
Thus, the inductive effect of deuterium could be re
sponsible for the slightly increased rate of y-deuterated 
compounds. Neither can the bridging be excluded 
because the measured kii/kn could be a composite 
effect in the way discussed previously for the solvolyses 
of y- and /3-deuterated cyclobutyl methanesulfonates.

In conclusion, secondary deuterium isotope effects 
indicate that the solvolysis of cyclobutyl methanesul- 
fonate proceeds by way of anchimeric assistance with 
a strong 1-3 interaction in the transition state. In 
this respect, the evidence for the solvolysis of cyclo- 
propylcarbinyl derivatives is not conclusive. In the 
latter case, it is quite possible that the enhanced rate 
is due predominantly or exclusively to vertical stabil
ization as discussed by Traylor.34 35

Experimental Section
Kinetic measurements were made on an automatic recording 

titrator (Radiometer, Copenhagen, TTT 11). Deuterium con
tent in all compounds was determined by multiple integrations 
of the proton signals in the nmr spectra of appropriate inter
mediates in the synthetic sequence. Purity of the compounds 
was checked by vpc, ir, and nmr. Cyclopropylcarbinol-f,1 -A, 
cyclopropylcarbinol-2-di, cyclopropylcarbinol-3,3-d2, and cyclo- 
propylcarbinol-3,3,4,4-d2 were prepared as previously described.9 
Cyclobutanol-#,#,4,4-^4 was obtained by repeated alkaline ex
change of cyclobutanone in D20 2 followed by LiAlHU reduction.

l,3-Propandiol-#,#-d2 (3).— The reduction of the deuterated 
dimethyl malonate with LiAlH( was done by Lambert’s pro
cedure.36 A solution of 210 g (1.545 mol) of dimethyl malonate- 
d i  (98% of deuterium) in 1000 ml of ether was added dropwise 
into a suspension of 86 g (2.26 mol) of LiAlH, in 1800 ml of ether 
under stirring. The reaction mixture was refluxed overnight, 
and then the solution of 7.7 g of NaOH in 160 ml of water was

(32) I t  shou ld  be m ention ed th at the y  e ffect per atom  D  is n o t  s ig 
n ificantly  different for the dideuterated  m ethanesulfonate and for the 
tetradeuterated analog, w hich  is con trary  to  our earlier rep ort.9 A t  the 
tim e we were not fu lly  aw are o f  the difficulties encountered  in the m easure
m ents o f sm all iso top e  effects as discussed b y  C o llin s.33

(33) C . J. Collins, A d v a n .  P h y s .  O r g . C h e m .,  2 , 63 (1964).
(34) T . G . T raylor, W . H anstein , H . J. B erw in , N . A . C linton , and It S. 

B row n, J .  A m e r .  C h e m . S o c . ,  93, 5715 (1971).
(35) J. B . Lam bert, J. A m e r .  C h e m . S o c . ,  89, 1840 (1967).

Solvolysis op Substituted M ethanesulfonates

slowly added and the clear etheral layer was removed. The 
residue was washed with three 700-ml portions of boiling THF. 
Combined extracts were dried over anhydrous CaS04 and sol
vents were removed by distillation. The crude diol 3 was frac
tionated under vacuum, yielding 48.8 g (40.5%) of pure product, 
bp 120-125° (10 mm).

1,3-Dibromopropane-#,#-d2 (4).— A 48-g (0.616 mol) portion 
of 3 was carefully added to stirred and cold (0°) PBr3. Upon 
addition, the mixture was refluxed for 10 hr. The reaction mix
ture was then cooled to room temperature, 60 ml of water was 
added, and the product was extracted with methylene chloride. 
After work-up and distillation 70.1 g (55.2%) of dibromide 4, 
bp 64r-65° (13 mm), was obtained.

Cyclobutane-3,3-d2-carboxy lie acid (5) was prepared from 
62 g (0.387 mol) of diethyl malonate and 66 g (0.32 mol) of 4 by 
standard procedure36 in 62% yield. The boiling point of pure 
acid was 96-101° (10 mm).

Cyclobutyl-3,S-dy-carboxamide (6).-—To an equimolar mix
ture of 5 and triethylamine [13 g (0.1275 mol) and 12.9 g, re
spectively] in cold ( — 5°) chloroform the same (13.9 g) molar 
quantity of ethyl chloroformate was added, the mixture was 
swirled for 15 min, and then dry ammonia was passed through 
the mixture for an additional 15 min. After standing over
night at room temperature the reaction mixture was filtered, 
solvent was evaporated, and the residue was dissolved in hot 
benzene, filtered again, and diluted with hot n-hexane. Filtra
tion after cooling to 20° gave 10.3 g (0.102 mol, 80.2%) of the 
amide 6.

Cyclobutyl-3,S-d2 Methyl Ketone (7).— Deuterated cyclo
butyl carboxamide (6) (10.2 g) was added in small portions dur
ing 30 min into the solution of 0.436 mol of methylmagnesium 
iodide in dry ether. Upon refluxing overnight crushed ice was 
carefully added and the etheral layer was separated. The 
aqueous layer was acidified, saturated with NaCl, and exhaus
tively extracted with ether. After work-up and fractionation
3.8 g (0.038 mol) of the product 7, bp 132-138° (759 mm), was 
obtained.

Cyclobutyl-3,S-d2 Acetate (8).— A solution of 13.2 g (0.14 mol) 
of trifluoroperacetic acid in 40 ml of methylene chloride was 
added dropwise into a stirred suspension of 3.7 g (0.037 mol) of 7 
and 24 g of Na2HP04 in the same solvent. The reaction mix
ture was refluxed for 30 min, then cooled, filtered, washed with 
10% aqueous Na2COs solution, and dried over CaS04. The 
crude product was distilled to give 2.3 g (0.0198 mol, 53.5%) of 
pure acetate 8, bp 120-125° (758 mm).

Cyclobutanol-3,S-ch was obtained in 85.6% yield by alkaline 
hydrolysis of 8. The deuterium content was 76%, determined by 
the nmr.

Methanesulfonates (la-d and 2a-d) of the corresponding 
alcohols were prepared in 65-80% yields according to the pro
cedure published elsewhere.7

Registry No.—la, 31053-86-8; lb, 31053-88-0; 
lc, 38645-08-8; Id, 38645-09-0 ; 2a, 31053-87-9; 2b, 
38645-11-3 ; 2c, 38645-12-4; 2d, 38645-13-5; 3,
38645-14-6 ; 4, 38645-15-7; 5, 38645-16-8; 6, 38645-
17-9; 7, 38645-18-0; 8, 38645-19-1; cyclobutanol- 
3, 3-ck, 24468-96-0; dimethyl malonate-c^, 36647-07-1.
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R e a c t iv i t y  o f  B ic y c lo [4 .2 .2 ]d e c a -2 ,4 ,7 ,9 - t e t r a e n e  D e r iv a t iv e s  u n d e r  C o n d i t i o n s  o f  
U n ip a r t ic u la t e  E le c t r o p h i l i c  A d d it i o n .  T h e  I n t r a m o le c u la r  C a p t u r e  o f  Z w i t t e r io n i c  

B r id g e d  1 ,4 -B is h o m o t r o p y l iu m  (B ic y c lo [4 .3 .1 ]d e c a -2 ,4 ,7 - t r ie n y l )  I n t e r m e d ia t e s 1

Leo A. Paquette* and M ichael J. Broadhurst2 
D e p a r t m e n t  o f  C h e m i s t r y ,  T h e  O h i o  S t a t e  U n i v e r s i t y ,  C o l u m b u s ,  O h i o  4 3 2 1 0  

R e c e i v e d  J a n u a r y  3 ,  1 9 7 3

A variety of mono- and disubstituted bicyclo[4.2.2]deca-2,4,7,9-tetraenes have been prepared and their re
activity toward ehlorosulfonyl isocyanate compared to that of the parent system. In the latter case, a tricyclic 
lactam is obtained in which the carbon framework has undergone rearrangement to an unsaturated bicyclo[4.3.1]- 
decane moiety. Product formation is rationalized in terms of initial stereoselective A-(chlorosulfonyl) /3-lactam 
intervention, subsequent ring opening with migration of the butadienyl bridge, and finally intramolecular cycliza- 
tion to annihilate charge. The driving force for the rearrangement is attributed to 1,4-bishomotropylium cation 
formation. The symmetrical nature of the zwitterion in the unsubstituted example is lost upon substitution and 
the directional specificity of the cyclization is revealed in the derivatives. Substituents have a divergent effect on 
the two possible modes of closure and these results are discussed.

Bicyclo[4.2.2]deca-2,4,7,9-tetraene (1) has been dis
covered to rearrange to bicyclo [4.3.l]deca-2,4,7-trienyl 
ions when treated with electrophilic reagents. Credit 
for this discovery is due to Winstein3 and Schroder,4 
who appear to have investigated independently the 
generation of 2 under long-life conditions below 0°.5 
Subsequently, Schroder and his coworkers have found 
that this same skeletal rearrangement accompanies 
the reaction of 1 with such biparticulate electrophiles6 
as bromine, hydrogen bromide, and mercuric acetate.7 8 9 10 
Current interest in such transformations has been 
heightened by the awareness that 2 is a bridged, 1,4-

basic information regarding the role of substituents on 
the reactivity of homoaromatic cations toward nucleo
philes. Because of past successes, we have been led 
to investigate the related chemistry of 2 and herein 
report the results of this study.

Bicyclo [4.2.2 Jdecatetraene.—Although 1 has been 
prepared by thermal decomposition of the sodium salt of 
bicyclo [6.1.0]nonatriene-9-carboxaldehyde tosylhydra- 
zone11 and by mercuric bromide catalyzed isomeriza
tion of bullvalene,12 we have found it most convenient 
to prepare this hydrocarbon by diazomethane ring 
expansion of 313,14 and treatment of the tosylhydrazone

id

bishomotropylium ion system. Recently, we reported 
on the generation and intramolecular capture of homo-8 
and 1,3-bishomotropylium cation intermediates9'10 by 
treatment of cyclooctatetraenes and as-bicyclo[6.1.0]- 
nonatrienes, respectively, with uniparticulate electro
philic reagents. The objectives of these studies were to 
establish whether such processes could function as 
utilitarian probes of mechanism and stereochemistry, 
to achieve certain synthetic goals, and to gain some

(1) U nsaturated H eterocyclic  System s. L X X X I X .  F or the previous 
paper in this series, see D . J. P asto, A . F . C hen, G . C iurdaru, and L. A. 
P aquette, J .  O r g . C h e m .,  38, 1015 (1973).

(2) H older o f  a  N A T O  P ostd octora l Fellow ship (1970—1972) adm inistered 
b y  the Science R esearch  C ou ncil.

(3) M . R oberts , H . H am berger, and S. W instein , J .  A m e r .  C h e m . S o c . ,  92, 
6346 (1970).

(4) G , Schröder, U . Prange, N . S. B ow m an, and J. F . M . O th , T e tr a h e d r o n  
L e t t . ,  3251 (1970).

(5) T h e rem arkable stab ility  o f  cation  2 is revealed b y  the fa ct th at it  can
be heated to  80° w ith ou t noticeable  change in  its nm r features: P . A hlberg,
D . L. H arris, M . R ob erts , P . W arner, P . Seidl, M . Sakai, D . C ook , A . D iaz, 
J. P . D irlam , H . H am berger, and S. W instein , J .  A m e r .  C h e m . S o c . ,  94, 7063
(1972).

(6) L. A . P aquette, G . R . Allen, Jr., and M . J. B roadhurst, i b i d . ,  93, 4503
(1971).

(7) G . Schröder, U . Prange, B . Putze, J. T h io , and J. F . M . O th , C h e m .  
B e r . ,  104, 3406 (1971).

(8) L. A . P aquette, J. R . M alpass, and T . J. B arton , J .  A m e r .  C h e m . S o c . ,  
91, 4714 (1969); L. A . P a qu ette  and T . J. B arton , i b id . ,  89, 5480 (1967).

(9) L . A . P a qu ette  and M . J. B roadhurst, i b i d . ,  94, 632 (1972); L . A . 
P aquette, M . J. B roadhurst, C . Lee, and J. C lardy, i b i d . ,  94, 630 (1972).

(10) J. C lardy, L. K . R ead , M . J. B roadhurst, and L . A . P aquette, i b id . ,
94, 2904 (1972).

with methyllithium.16 When a dry methylene chloride 
solution of 1 was allowed to react with ehlorosulfonyl 
isocyanate (CSI) for 6 hr at room temperature and 
dechlorosulfonylation was carried out with thiophenol 
and pyridine16 or alkaline sodium sulfite solution,17 
tricyclic lactam 5 was obtained in 67% yield. The 
structure of 5 was established by a combination of 
spectral and chemical evidence. The compound ex
hibits an infrared carbonyl stretching band at 1725 
cm-1, a maximum at 243 nm (e 5030) in the ultraviolet 
region, and the following absorptions in the nmr (100 
MHz): 8 7.4 (br, 1, >N H ), 5.77-6.4 (m, 5), 5.23 
(ddd, J =  9.5, 3.5, and 1.8 Hz, 1), 3.74 (t with addi
tional fine splitting, J =  5 Hz, 1), 3.44 (m, 1), 3.14 
(m, 1), and 2.36 (d with additional fine splitting, J —
5 Hz, 1). Spin-decoupling experiments permitted

(11) M . Jones, Jr., and L. T . Scott, i b i d . ,  89, 150 (1967).
(12) H .-P . Löffler and G. Schröder, A n g e w .  C h e m ., 80, 758 (1968); A n g e w .  

C h e m ., I n t .  E d .  E n g . ,  7 , 736 (1968).
(13) L. A . P aquette, R . H . M eisinger, and R . E . W ingard , Jr., J .  A m e r .  

C h e m . S o c . ,  94, 2155 (1972).
(14) (a) T .  A . A n tkow iak, D . C . Sanders, G . B . T rim itsis, J. B , Press, 

and H . Scheehter, i b id . ,  94, 5366 (1972); (b ) K . K urabayash i and T . M u kai, 
T e tr a h e d r o n  L e t t . ,  1049 (1972); (c) M . Sakai, R . F . Childs, and S. W instein , 
J .  O r g . C h e m .,  37, 2517 (1972).

(15) Studies carried out concurrently  w ith those in  the group  o f  P rofessor
H . Shechter: J. B . Press and H . Shechter, T e tr a h e d r o n  L e t t . ,  2677 (1972).

(16) R . G raf, J u s t u s  L i e b i g s  A n n .  C h e m .,  661, 111 (1963).
(17) T . D u rst and M . J. O ’ Sullivan, J .  O r g . C h e m .,  35, 2043 (1970).
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all proton assignments to be made and showed all 
coupling constants to be compatible with the assign
ments (see Experimental Section). Treatment of 5 
with trimethyloxonium fluoroborate afforded imino 
ether 6, structural assignment to which could be made 
with confidence on the basis of its spectra. Addi
tionally, triplet-sensitized irradiation of 6 cleanly gave 
a photoproduct in which the butadiene unit had been 
isomerized to a cyclobutene ring (c/. 7) .18

The formation of 5 proceeds analogously to the 
TONE reaction with l .19 In both cases, intervention 
of a zwitterionic 1,4-bishomotropylium ion intermedi
ate (e.g., 9) appears particularly attractive, since the 
electrophilic moiety is quite suitably disposed in a 
geometric sense for ultimate cyclization to product. 
With particular reference to CSI, the generation of 9

could be preceded by formation of the /3-lactam deriva
tive 8, with subsequent ring opening and rearrange
ment arising owing to the driving force underlying 
attainment of the delocalized homoaromatic species. 
This proposal will subsequently be shown to have basis 
in fact.

Because of the innate symmetry of 9, cyclization 
with charge annihilation can operate at two equiva
lent sites (a and a')- By making recourse to mono- 
or higher substitued derivatives of 1 , this symmetry 
consideration no longer becomes applicable. As a 
result, the opportunity to examine substituent effects 
on the direction (in particular) of C— N bond formation 
is readily available. Accordingly, a quantitative study

(18) D eta ils o f  this particu lar experim ent w ill appear elsewhere a t a future 
date.

(19) H .-P . Löffler, T . M artin i, H . M usso , and G . Schröder, C h e m . B e r . ,  
1 03 ,210 9  (1970).

of product distribution as a function of substitution 
was next undertaken.

Monosubstituted Bicyclo [4.2.2 Jdecatetraenes. —Of
the compounds selected for study, the 7-methyl 
derivative (10a) was synthesized by méthylation of 4 
and subsequent treatment of its tosylhydrazone with 
methyllithium; alternatively, 10a was obtained more 
conveniently by diazoethane ring expansion of 3 
followed by elimination from the tosylhydrazone. 
Preparation of methoxy tetraene 10b was effected by
O-methylation of the anion of 4 with dimethyl sul
fate.15,20 Enol acetate 10c was readily available from 
the reaction of 4 with isopropenyl acetate in the pres
ence of p-toluenesulfonic acid.16

Each of the purified tetraenes was treated with a 
slight excess of CSI in methylene chloride at room 
temperature. It was immediately clear from inspec
tion of aliquots from the trio of reactions that two 
types of lactam (fi and 7 ) were initially produced. 
With the passage of time, however, the carbonyl band 
seen at ca. 1825 cm-1 gradually disappeared; in con
trast, the 1760-cm-1 absorption remained. In the 
case of 10a and 10b, the transient IV-(chlorosulfonyl) 
/3-lactam was no longer present after several hours. 
The /3-lactam derivative arising from 10c rearranged 
relatively more slowly, a finding which permitted its 
ultimate isolation and characterization (vide infra).

In each instance, two 7 -lactams (11 and 12) were 
formed and their relative percentages were determined 
by nmr analysis of the nonhydrolyzed lV-(chlorosul- 
fonyl) derivatives. Control experiments showed that 
A-(chlorosulfonyl) precursors of 11 and 12 were not

10a, R =  CH3
b, R =  OCH3
c, R =  OAc

lla,R =  CH3
b, r = och3
c, R =  OAc

12a, R =  CH3
b, R =  OCH3
c, R =  OAc

interconverted under the reaction conditions. Fur
thermore, the product distributions were not found to 
change within experimental error when the cycloaddi
tions were allowed to proceed for varying lengths of 
time beyond the point at which no 3-lactam could be 
seen. The relevant data have been collected in Table I.

The individual isomers could be distinguished readily 
by their nmr spectra, which, not unexpectedly, are 
quite similar within a given lactam series. Particu
lar use was made of the previous spin-decoupling

(20) M. J. Goldstein, private communication. The authors thank Pro
fessor Goldstein for providing us with the experimental details in advance of
publication.
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Table I
Product D istributions Obtained upon CSI Addition to 
M ono- and D isubstituted Bicyclo [ 4 .2 .2 ]  decatetraenes

Y ie ld , P rod u ct d istribution ,
m r2 Rj %° %a.b

H H c h 3 7 3 3 1 . 5 6 8 . 5
H H O C H s 5 6 . 5 5 4 . 5 4 5 . 5
H H O A c 5 7 . 5 2 4 7 6
c h 3 H O C H 3 5 2 . 5 6 8 . 5 3 1 . 5

“ Average of several runs. 6 Analysis by repeated nmr integra
tion of suitable peaks ; estimated error, ± 4 % .

experiments with 5. In this lactam, H3 is the olefinic 
proton which has the most upheld chemical shift in 
the vinyl region; moreover, it is found in an uncom
plicated region of the spectrum and is readily identified. 
Its appearance in 5 as a doublet of doublets of doublets 
is due to vicinal coupling with H2 (J2,3 =  9-5 Hz) and 
H4 (.7?,a =  3.5 Hz) and long-range coupling to H5 
(</8,5 = 1.8 Hz). H2 appears at lowest held and has like 
multiplicity (d2,3 =  9.5 Hz, Jlti =  4.5, / 2,4 =  2.5 Hz), 
while Hj is seen as a broadened triplet. The assign
ment of structure to lactams 11 is based on the follow
ing general spectral characteristics: Hj appears as a 
doublet of doublets lacking ,/3i4; H2 is likewise only a 
doublet of doublets with </2,4 absent; the H5 absorption 
consists of a broad doublet (J ~  5 Hz). These observa
tions are uniquely compatible with substitution of the 
R  group at position 4.

In contrast, lactams 12 share the common features of 
multiplicities in H2 and H3 identical with those in 5, 
appearance of Ht as a broadened doublet, and the col
lapse of H6 to a “ singlet”  with additional long-range 
coupling (Table II). Furthermore, the ultraviolet 
spectra of 11 and 12 differ significantly, but remain 
quite constant within a given set (Table III).

The expectation that a /3-lactam could be isolated 
from the reaction of 10c with CSI was realized when 
short reaction times (4-5 min) were employed. Under 
these conditions, 45.5% of 13 was obtained after cus-

tomary reduction with thiophenol and pyridine, to
gether with approximately 20% of a mixture of 11c 
and 12c. From intense carbonyl absorptions at 1770 
and 1730 cm-1, the presence of /3-lactam and acetate 
carbonyls could be inferred. The stereochemical rela

tionship of the four-membered heterocyclic ring to the 
[4.2.2]bicyclic framework is readily ascertained by an 
examination of the nmr spectrum, which showed a quite 
narrow singlet absorption for Ha. Dihedral angle mea
surements made on Dreiding models revealed a relation
ship between Ha and Hb in 13 such that a small spin- 
spin interaction is expected; in contrast, a considerably 
larger coupling constant would seem necessary for the 
isomeric structure if the Karplus correlation does not 
break down in such systems. This is unlikely, for, in a 
mechanistic context, the IV-(chlorosulfonyl) precursor 
to 13 can uniquely serve as the source of 11c and 12c. 
This transformation has, in fact, been realized at the 
experimental level.

Disubstituted Bicyclo [4.2.2 [decatetraenes. —Though 
the results given above provide a sufficiently 
sharpened view into the reaction to permit several 
mechanistic conclusions to be drawn, it is to be noted 
that the substituted etheno bridge has been the site of 
preferential kinetic attack and that H5 has invariably 
been substituted only by hydrogen. With regard to 
the latter point, 7-methoxy-8-methylbicyclo[4.2.2]- 
decatetraene (15) was prepared by O-methylation of

14, the recognized precursor to 10a. In line with the 
relative reactivities of 10a and 10b and the well-estab
lished cationic stabilizing powers of methyl and meth- 
oxyl groups, initial attack by the electrophile at the 
methyl-bearing carbon was anticipated. This would 
position a methyl group at Cs- Enol ether 15 operates 
in this manner to produce rapidly a /9-lactam (not 
isolated) which equally rapidly undergoes conversion 
to five-ring lactams. Reduction and chromatography 
led to the isolation (52.5% yield) of 16a and 16b 
(initially present in a 31.5:68.5 ratio). Individual 
identification of the two products was gained by 
examination of their nmr spectra (Table II), the 
absence of H4 in 16a, for example, resulting in loss of 
the normal coupling to H2 and H3.

Exposure of 1721 to the action of CSI under compa
rable conditions led to the isolation of a sole adduct, 
the nmr spectrum of which is consistent with struc-

(21) U . K ruerke, A n g e w .  C h e m .,  I n i .  E d .  E n g l . ,  6 , 79 (1967).
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T able II
N m r  D a t a  f o r  t h e  T r i c y c l i c  L a c t a m s  

(60 MHz, CCL-TMS, S V a l u e s )

C om pd H i H i H , H , Hs h6 O th er olefinic protons

5 3.74 (brt)° 
J  =  5 Hz

6.3 (m) 5.23 (ddd)
J  =  9 .5 ,3 .5 , 

1 .8 Hz

3.44 (m) 2.36 (br d)» 
/  =  5Hz

3.14 (m) 5.77-6.1 (m)

11a 3.71 (t)
J  =  5 Hz

6 .1 1 (dd)
J =  9 .0 ,5 .3H z

5.09 (d)»
J  =  9.0H z

2.22 (brd)» 
J  =  5 Hz

3.17 (m) 5.45-5 .9  (m) 
(1.38, s, -C H 3)

lib 3.75 (br t)» 
J  = 5 Hz

6 .3 1 (dd)
J  =  9 .0 ,5 .0H z

5.18(d)»
J  =  9.0H z

2.73 (brd)» 
/  =  5 Hz

3.18 (m) 5.95 (br s) 
(3.53, s, -OCH3)

11c 3.82 (br t)» 
J  =  4.5 Hz

6.38 (dd)
J  = 9.2, 5 .5 Hz

5.24(d)» 
J  =  9 Hz

3.3 (m)6 3.3 (m)6 5.65-6.3 (m) 
(2.11, s, -COCH3)

12a 3.4 (m)6 6.3 (ddd)
J  = 9.0, 5.5, 
2.0H z

5.16 (d)»
J  =  9.0H z

3.4 (m)6 2.27 (m) 5.7-6.15 (m) 
(1.30, s,-C H 3)

12b 3.55 (m)6 6.28 (ddd)
J  =  9 .3 ,5 .8 , 

2.0H z

5.21 (d)»
J  =  9.3 Hz

3.55 (m)6 2.78 (m) 5.95 (m)
(3.25, s,-OCH3)

12c 4.32 (m) 6.30 (m) 5.30 (dd)»
J  =  9 .5 ,3.0H z

16a 3.74 (t) 6.36 (dd) 5.36(d)
/  =  5 Hz /  =  9.5, 5.5 Hz <7 =  9.5 Hz

16b 3.77(d) 6.2 (ddd) 5.18 (dd)»
J  = 6.0H z J  =  9.5, 6.0, /  =  9.5, 3.5 Hz 

2.0H z
» Additional fine coupling is present. 6 Overlapping peaks.

3.50 (m) 

3.25 (m)

3.0 (m)

2.78 (m)

6.0 (m)
(2.02, s, -COCH3) 
5 .9 8 (brs)

(3.42, s, -OCH3; 
1.04,s, -C H 3)

6.0 (m)
(3.32, s, -OCH3; 

1.14, s, -C H 3)

T a b l e  I I I

U l t r a v i o l e t  D a t a  f o r  t h e  T r i c y c l i c  L a c t a m s  
(C2H5OH S o l u t i o n )

C om p d € C om p d («)
5 243 5030 11a 257.5 infl (3620), 248 (5310), 

244 (5125)
11a 245 4680 12b 261 infl (3250), 251.5 (4980), 

246 (4950)
lib 245 4200 12c 262.5 infl (3280), 251 (5400), 

246 (5360)
11c

16a

242.5

244

4620

4250

16b 262 infl (3250), 253 (4910), 
246.5(4850)

ture 18. In particular, the lactam has only four olefinic 
protons (S 5.73-6.3, m), the remaining four tetrahe-

drally bound hydrogens appearing at 4.22 (d, J =  4.5 
Hz), 4.0 (d, J = 8 Hz), 3.45 (m), and 2.77 (m). Fur
thermore, the observation of the following electronic 
spectrum [XmSs0H 271 nm (sh, e 6110), 238 (sh, 
13,200), and 226 (18,200)] requires the presence of a 
stilbene chromophore. The lack of reactivity of the 
phenyl-substituted double bond in 17 is not unexpected

in view of the fact that stilbene fails to react with 
C S I.16

Discussion

Mechanistic Considerations.—The experimental re
sults show that the bicyclo [4.2.2Jdecatetraene ring 
system reacts with CSI to give initially a /3-lactam 
intermediate which arises from approach of electro
phile to the polyene from the direction of the etheno 
(rather than butadieno) bridge. Such high levels of 
stereoselectivity very likely arise because of steric 
factors and are well precedented in a number of re
lated structural types.14'16 Whether /3-lactam for
mation involves a two-step ionic mechanism or a more 
concerted [T2a +  X2S] process is uncertain.

The structurally rearranged nature of the y-lactams, 
in combination with the fact that two isomeric products 
arise in the unsymmetrical examples, argue convincingly 
for the intervention of carbonium ion intermediates. 
Isomerization reactions of W-(chlorosulfonyl) /3-lactams 
by cationic pathways have been reported previously 
on many occasions. In a formal sense, a 1,2 shift of 
the conjugated diene unit is involved followed by 
cyclization to either of two possible positions (cf. 8 
and 9). This bond reorganization can be viewed as 
the result of the rearrangement sequence outlined 
below. The observed product ratios now might be 
interpreted as reflecting the relative capability of the 
R  group to stabilize a cyclopropane ring.

However, the accumulated evidence8-5 obtained 
from protonation studies of 1 attests convincingly 
to the fact that cations of type 20 and 21 are less ther
modynamically stable than the related homoaro
matic bicyclo[4.3. l]deca-2,4,7-trienyl cations. Conse
quently, we have assumed that a true cyclopropane 
bond likewise is not present in those transient inter
mediates which arise from CSI addition and that the
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product distribution arises from differing rates of cycliza- 
tion in 22.

The fundamental underlying importance of charge 
delocalization to the successful realization of skeletal 
rearrangement in these systems is revealed experi
mentally by the contrasting behavior of structurally 
related hydrocarbons 23a and 23b. At 25°, cyclo
addition of CSI to 23a took place, giving only 25a, 
dechlorosulfonylation of which led to the ready isola
tion of 25b (80% yield). The exo stereochemistry 
of 25b was revealed by the virtual lack of spin-spin 
coupling between the >CH CO - and >C H N < protons 
and their adjoining bridgehead counterparts, a result 
in keeping with the ca. 90° dihedral angle separating 
them. Comparable exclusive exo attack has been 
observed previously with norbornene and norborna- 
diene derivatives.22'23 9-Methylenebicyclo [4.2.1 ]nona- 
triene (23b) does not share with 23a an inability to 
undergo bond reorganization under these conditions. 
Rather, 27b is obtained as the major constituent of a 
reaction mixture containing a number of rearrange
ment products.24

Substituent Effects.—As established above, the 
positions occupied by the R substituent in lactams 
11, 12, and 16 necessitate that the initial bonding of the 
isocyanate occur so as to generate the most stable 
bicyclo [4.2.2 Jtrienyl cation. The /3-lactams which 
arise from this step of the sequence could result from 
a “ quasiconcerted”  cycloadditive process, in which 
some charge separation develops. To arrive at the
1,4-bishomotropylium ion intermediate, substantial 
cationic character must become localized at that carbon

(22) E . J. M oricon i and W . C . C raw ford , J .  O r g . C h e m .,  33, 370 (1968).
(23) L. A . P a qu ette  and T . J. B arton , unpublished observations.
(24) L . A . P a qu ette  and M . J. B roadhurst, J .  O r g . C h e m ., 38, 1893 (1973).

o

o

27a, R =  S02C1 
b, R =  H

atom bearing the R  group.25 A 1,2 shift of the diene 
bridge subsequently gives 22 in which the lone substit
uent is bonded to Cj. Because of its attachment to 
a tetrahedral center, the substituent cannot be expected 
to exert any 7r-electron conjugative effect on the two 
possible modes of ring closure. Rather, the observed 
differences (Table I) must be attributed to inductive 
and field influences, steric effects, or a combination of 
these three factors. That steric effects may not be 
inconsequential in certain cases is reflected in the be
havior of zwitterions 28 and 29. In 28, closure to

0 O

carbon a occurs to the extent of 45.5%; the additional 
methyl group in 29 clearly disfavors this pathway 
(now only 31.5%). Molecular models suggest that 
the methyl and methoxyl groups are in closer spatial 
proximity in 16a than in 16b.

When attention is focused uniquely on the series
(25) F or convenience in discussion, the R  groups under consideration  are 

those w hich can stabilize p ositive  charge. W h en  the su bstitu en t is n ot 
carbon ium  ion  stabilizing, the other bridge is preferen tially  attack ed  b y  the 
electroph ile .25

(26) G . Schröder, U. Prange, and J. F . M . O th , C h e m . B e r ., 105, 1854
(1972).
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10a-10c, the net substituent contributions are seen 
to be rather divergent. The propensity of 30a to 
cyclize preferably away from the methyl group has 
been encountered also by Schroder.26 Subsequent to 
the completion of this work, he and his coworkers 
have described the protonation and alkaline methanol 
quench of 10a. The only product isolated was 31,

30a, R=C0NS02C1 31
b, R =  H

but, since the yield was unfortunately only 15%, little 
can be said about the overall chemical fate of 30b under 
such circumstances. Nevertheless, these data can be 
explained in terms of a model in which the dipolar 
influence of the methyl group, whether through space 
or a bonds, renders the proximate site of attack less 
electron deficient. Consequently, C-N bond formation 
at the alternative more positive ring carbon (to give 
1 la) is kinetically preferred.

On this basis, the more electronegative methoxyl 
group would be expected to transmit an electrical effect 
such that positive charge should be greatest in the 
vicinity of this substituent. This influence is opposite 
to that exerted by methyl. Accordingly, 12b should 
dominate the product composition. At the experi
mental level, this lactam is formed in 54.5% relative 
yield.

At first sight, the acetoxyl group would appear to 
be an anomaly, for the results indicate it to exert an 
effect more similar to methyl than to methoxyl. How
ever, if the polarization of the carbonyl group is con
sidered and if, as now believed,27 the propagation effi
ciency of a polar group resides chiefly in its field effect, 
then the electronegative carbonyl oxygen atom could 
exert an untoward influence on the -C 0N S 02C1 
moiety.

In summary, the results collected in Table I and the 
necessarily tentative theoretical suggestions advanced 
above reveal that substituents exert phenomenolog
ically interesting control on the directional specific
ity of intramolecular charge annihilation in homo
aromatic bicyclo [4.3.1 ]deca-2,4,7-trienyl zwitterions.

Experimental Section
Melting points are corrected. Proton magnetic resonance 

spectra were obtained with Varian A-60A and HA-100 spectrome
ters and apparent coupling constants are cited. Elemental 
analyses were performed by the Scandinavian Microanalytical 
Laboratory, Herlev, Denmark.

Reaction of Bicyclo[4.2.2]deca-2,4,7,9-tetraene (1) with CSI. 
A. Thiophenol-Pyridine Work-Up.— A solution of 0.4 ml (4.8 
mmol) of CSI in 5 ml of dry methylene chloride was added drop- 
wise under nitrogen to 520 mg (4.0 mmol) of 1 dissolved in 10 
ml of the same solvent. After 6 hr the reaction was complete

(27) F or leading references, see (a) L. M . Stock , J .  C h e m . E d u c 49, 400 
(1972); (b ) R . G olden  and L. M . Stock, J .  A m e r .  C h e m . S o c . ,  94, 3080 (1972); 
(c) C . L . L iotta , W . F . Fisher, E . L . Slightom , and C . L . H arris, i b i d , ,  94, 
2129 (1972); (d ) C . L . L iotta , W . F . Fisher, G . H . G reene, Jr., and B . L. 
Joyner, i b id . ,  94, 4891 (1972); (e) C . F . W ilcox  an d  C . Leung, i b i d . ,  90, 336 
(1968); (f) D . S. N oy ce  and G . A . Selter, J .  O r g . C h e m .,  36, 3458 (1971).

(ir analysis). The solvent was evaporated and the residual pale 
yellow, viscous oil was dissolved in acetone and treated with 
thiophenol and pyridine at 0° in the usual way.16 Chromatog
raphy on Florisil gave 461 mg (67%) of 5 as colorless crystals, 
mp 190.5-191°, from methylene chloride-ether, p°"cl31715 cm-1.

A n a l .  Calcd for C u H n N O :  C ,  76.28; H ,  6.40; N ,  8.08. 
Pound: C ,  76.27; H ,  6.37; N ,  8.09.

The following double irradiation experiments confirmed the 
structural assignment. Irradiation of the NH proton resulted 
in removal of fine coupling from Hi which appeared as a triplet 
(J =  5 Hz); no other alterations were noted. Saturation slightly 
to lower field of the main olefinic absorption removed the major 
coupling ( J  = 9.5 Hz) from H3 and collapsed Hi to a doublet 
( J  =  4 Hz). These observations suggested that both Hi and 
H3 are strongly coupled to the same olefinic region with little 
change elsewhere except for removal of some fine splitting from 
Hs and narrowing of the multiplet due to H4. When H5 was 
saturated, H3 appeared as a doublet of doublets ( J  =  9.5 and
3.5 Hz), H6 developed triplet characteristics ( /  = 3.5 Hz), and 
Hi lost some of its original fine coupling. The long-range cou
pling between H3 and H4 can be rationalized in terms of W  
coupling and has been observed for a number of structurally 
related compounds.28

Simultaneous irradiation of Hi and H4 resulted in collapse of 
the lowest field vinyl proton (H21 to a doublet ( J  =  9.5 Hz) 
while H3 appeared as a doublet of doublets ( J  = 9.5 and 1.8 Hz). 
Consequently, H2 and H3 are strongly coupled. When H4 was 
saturated, H2 was seen as a doublet of doublets (</2.3 = 9.5, 
J i,2 =  4.5 Hz) and H3 appeared as a broadened doublet ( J  =
9.5 Hz). Thus, H2 and H4 interact long range to the extent of 
c a .  2.5 Hz. Finally, irradiation of H6 led to the simplification of 
Hs (now a broadened singlet).

B. Alkaline Sodium Sulfite Work-Up.— A solution of 1.3 g 
(1 mmol) of 1 and 0.9 ml (1.05 mmol) of CSI in 40 ml of methylene 
chloride was stirred at 25° under nitrogen for 23 hr. The solvent 
was evaporated and the residue was taken up in ether (20 ml). 
This solution was added dropwise with vigorous stirring to 30 ml 
of 2%  sodium sulfite solution. Portions of 10% potassium 
hydroxide solution were added throughout the addition in order 
to maintain pH 7-8. Upon completion of the addition, the 
solution was stirred for 30 min, during which time the product 
began to crystallize. The total reaction mixture was extracted 
with methylene chloride (3 X 30 ml) and the combined extracts 
were dried and evaporated. A white, crystalline solid was ob
tained which was washed with ether and filtered. The colorless 
crystals so obtained (1.056 g, 61%) were identical with the sample 
of 5 obtained above and were of almost analytical purity, mp 
187-189°.

O-Methylation of 5.— Lactam 5 (865 mg, 5.0 mmol) was dis
solved in 50 ml of dry methylene chloride and treated with 1.0 g 
(6.6 mmol) of trimethyloxonium fluoroborate under nitrogen. 
The mixture was stirred at 25° for 12 hr, washed twice with satu
rated sodium bicarbonate solution and once with brine, dried, 
and evaporated. The resulting pale yellow oil (930 mg) was 
subjected to molecular distillation at 70° (0.3 mm) from which 
was obtained 821 mg (88% ) of a colorless liquid which slowly 
crystallized on cooling to 0°: Sm?*013 5.8- 6.3 (m, 5, olefinic),
5.0 (br d, 1, H3), 4.0 (m, 1, Hi), 2.95-3.45 (m, 2, H4 and H6), 
and2.4 (m, l,He).

The perchlorate of 7 was obtained as colorless needles, mp 193- 
193.5°, from methylene chloride-ether, 1660 cm-1, xS!a”l0H 
247 nm(e 4725).

A n a l .  Calcd for Ci2HuC1N05: C, 50.09; H, 4.91; N , 4.87. 
Found: C, 50.02; H, 4.85; N, 4.84.

7-Methylbicyclo[4.2.2]deca-2,4,7,9-tetraene (10a).— To asolu- 
tion of 5.0 g (0.038 mol) of 3 in 200 ml of methanol was added an 
ethereal solution of diazoethane (400 ml, prepared from 30 g of 
A-ethyl-A-nitrosourea) and the mixture was maintained at 0 ° 
overnight in the dark. After removal of the solvent, there re
mained 5.20 g of pale orange liquid, vpc analysis (5% SE-30, 
130°) of which indicated the presence of 14 as the one major 
product.

A 530-mg sample of the crude ring-expanded ketone and 700 mg 
of p-toluenesulfonylhydrazine dissolved in 50 ml of ethanol was 
treated with 4 drops of concentrated hydrochloric acid and kept 
at 5° for 24 hr. The solution was concentrated to c a .  20 ml and 
the tosylhydrazone was allowed to crystallize during 6 days at 5 ° .

(28) See, for exam ple, M . Jones, Jr., J .  A m e r .  C h e m . S o c . ,  89, 4236 (1967).
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There was obtained 600 mg (52.5%) of colorless crystals, mp 
152-154° dec, from ether-methylene chloride.

A n a l .  Calcd for C18H20N2O2S: C, 65.83; H, 6.14; N, 8.53. 
Found: C, 65.84; H, 6.08; N, 8.51.

To a suspension of 3.0 g (9.1 mmol) of pure tosylhydrazone in 
90 ml of dry ether was added with stirring 60 ml of methyllithium 
( c a .  1.0 M ) .  The clear orange solution so obtained became 
cloudy and then clear red during 12 hr at room temperature. 
With ice cooling, water was added dropwise. The ether layer 
was separated, washed with saturated sodium chloride solution, 
dried, and evaporated. The crude orange-yellow oil (1.9 g) was 
chromatographed on Florisil (pentane elution) to furnish 0.87 g 
(66.4%) of 10a as a clear, colorless oil. An analytical sample was 
prepared by vpc purification, sSs'1 5.2-6.45 (brm, 7 H, olefinic), 
2.85-3.35 (br m, 2, bridgehead), and 1.78 (s with additional fine 
coupling, 3 H, methyl).

A n a l .  Calcd for CnHi2: C, 91.61; H, 8.37. Found: C, 
91.38; H, 8.61.

Reaction of 7-Methylbicyclo[4.2.2]deca-2,4,7,9-tetraene (10a) 
with CSI.— A solution of 290 mg (2.0 mmol) of 10a15 and 0.18 ml 
(2.0 mmol) of CSI in 10 ml of dry methylene chloride was stirred 
rapidly at 25° under nitrogen. Infrared analysis of aliquots re
vealed the presence of intense new carbonyl bands at 1825 and 
1760 cm“1; however, after 7 hr only the 1760-cm“1 band re
mained. The solvent was evaporated; nmr analysis of the resi
due showed the presence of two components in the ratio of 
68.5:31.5. The predescribed pyridine-thiophenol work-up gave 
282 mg (73%) of the lactam mixture. Crystallization from 
methylene chloride-ether gave the major isomer (11a) as color
less crystals, mp 163.5-164.5°, >wcli 1705 cm“1.

A n a l .  Calcd for C12H13NO: C, 76.98; H, 7.00; N, 7.48. 
Found: 76.98; H, 6.89; N, 7.43.

The mother liquors from several such runs were combined and 
chromatographed on Florisil. The minor isomer (12a) was 
eluted first with chloroform, colorless needles, mp 170.5-172.5°, 
> w 13 1705 cm“1.

A n a l .  Calcd for Ci2H,3NO: C, 76.98; H, 7.00; N, 7.48. 
Found: C, 76.76; H, 6.88; N, 7.59.

Reaction of 7-Methoxybicyclo[4.2.2]deca-2,4,7,9-tetraene (10b) 
with CSI.— A solution of 158 mg (1.0 mmol) of 10b15'20 and 0.1 ml 
(1.4 mmol) of CSI in 10 ml of methylene chloride was stirred 
at 25° under nitrogen for 7 hr. The solvent was evaporated and 
the residue showed two methoxyl peaks (ratio 54.5:45.5) in its 
nmr spectrum. Processing as before gave 115 mg (56.5%) of the 
lactam mixture. Careful chromatography on Florisil (CHC13 
elution) enabled 12b (more rapidly moving) to be separated 
from lib . Recrystallization of the minor isomer (lib) from 
methylene chloride-ether gave colorless crystals (38 mg, 18.5%), 
mp 154-154.5°, 1705 cm“1.

A n a l .  Calcd for Ci2Hi3N 0 2: C, 70.92; H, 6.45; N, 6.89. 
Found: C, 70.72; H, 6.48; N, 6.85.

Lactam 12b was likewise recrystallized from methylene 
chloride-ether, 50 mg (24%), colorless crystals, mp 193-194°, 
»Vaf11705 cm“1.

A n a l .  Calcd for Ci2H13N 0 2: C, 70.92; H, 6.45; N, 6.89. 
Found: C, 70.55; H, 6.57; N , 6.81.

Reaction of 7-Acetoxybicyclo[4.2.2]deca-2,4,7,9-tetraene (10c) 
with CSI. A. Long Reaction Time.— The enol acetate (10c, 
270 mg, 1.5 mmol)lS was dissolved in 15 ml of dry methylene 
chloride and 0.18 ml (2.0 mmol) of CSI was added in one portion 
with stirring under nitrogen. After 13 hr at 25°, the solvent was 
evaporated and nmr analysis indicated the presence of two com
ponents in a 76:24 ratio. The customary thiophenol-pyridine 
reduction and filtration through a short column of Florisil gave 
193 mg (57.5%) of a lactam mixture. Recrystallization from 
methylene chloride-ether furnished a pure sample of the major 
product (11c, 128 mg, 38%) as colorless prisms, mp 193.5-194°, 
>wcl3 1735 and 1705 cm“1.

A n a l .  Calcd for Ci3H i3N 0 3: C, 67.52; H, 5.67; N, 6.06. 
Found: C, 67.26; H, 5.61; Kf, 6.04.

Like purification of the minor product (12c) led to its isolation 
as colorless crystals, mp 187.5-188.5°; ¡w cls 1735 and 1705 
cm“1.

A n a l .  Calcd for Ci8Hi3N 0 3: C, 67.52; H, 5.67; N, 6.06. 
Found: C, 67.40; H, 5.67; N, 6 .12.

B. Brief Reaction Period.— CSI (0.25 ml, 0.3 mmol) was 
added to a solution of 453 mg (0.25 mmol) of 10c in 7 ml of 
methylene chloride. After stirring for 4 min, the solvent was 
evaporated and the residue was immediately dissolved in acetone 
and treated with thiophenol and pyridine at 0° in the usual way.

Chromatography on Florisil and elution with pentane-chloro
form (1:1) yielded 344 mg of colorless, oily /3-lactam 13 which on 
crystallization gave 250 mg (45.5%) of colorless crystals: mp
159.5-160.5°; »S" cl3 1770 and 1730 cm“1; 273 nm (c
3150), 263 (5110), 253.5 (4890), and 246 (sh, 3730); 7.3
(br s, >NH), 5.65-6.4 (m, 6, olefinic), 3.9 (m 1, bridgehead),
3.36 (s, >CHCO-), 3.16 (m, 1 bridgehead), and 2.08 (s, 3, 
-COCH3).

A n a l .  Calcd for CisHi3N 0 8: C, 67.52; H, 5.67; N , 6.06. 
Found: C, 67.55; H, 5.75; N, 5.95.

7-Methoxy-8-methylbicyclo[4.2.2]deca-2,4,7,9-tetraene (15). 
— A dry 500-ml three-necked flask was fitted with a thermometer, 
two 10-ml addition funnels (fitted with nitrogen inlet), a mechani
cal stirrer, and a connection to the house vacuum v i a  a stopcock. 
The flask was charged with 200 ml of dry dimethyl sulfoxide 
and 4.6 g of potassium ferf-butoxide. The addition funnels con
tained 2.0 g of somewhat impure 14 and 4 ml of dimethyl sulfate. 
The system was degassed three times, filled with nitrogen, and 
cooled to 0°. The ketone was added during 30 sec and the re
sulting red solution was stirred for 3 min. At 0°, the dimethyl 
sulfate was added rapidly. The solution was stirred for 20 min 
at 0° and for 1.5 hr at room temperature, after which it was 
poured into 500 ml of 2 ¥  sodium hydroxide solution. The 
product was extracted with pentane (10 X 100 ml) and the com
bined pentane extracts were washed four times with water and 
dried. Evaporation of the solvent gave a yellow oil (1.7 g), 
chromatography of which on alumina (activity I) using pentane- 
2%  ether as eluent gave'0.83 g (38%) of 15: 1700 cm-1;
X2L«50H 256.5 nm (e 3360) and 248.5 (3300); a?£s'3 5.5-6.54 (m, 6 , 
olefinic), 3.50 (s, 3, -OCH3), 2.92-3.5 (m, 2, bridgehead), and
1.7 (s, 3, -C H 3).

A n a l .  Calcd for CiJIuO: C, 82.72; H, 8.09. Found: 
C, 82.60; H, 8.05.

Reaction of 7-Methoxy-8-methylbicyclo[4.2.2]deca-2,4,7,9- 
tetraene (15) with CSI.— Treatment of 340 mg (2.0 mmol) of 15 
with 0.18 ml (2.0 mmol) of CSI in 20 ml of dry methylene chloride 
as above gave an W-(chlorosulfonyl) 7-lactam mixture in a ratio 
of 68.5:31.5. The usual chlorodesulfonylation and Florisil 
chromatography yielded 223 mg (52.5%) of a solid mixture of 
16a and 16b. When the mixture was rechromatographed on 
Florisil (chloroform elution), separation of the two components 
was readily effected. The first isomer to elute was 16b, which 
crystallized from methylene chloride-ether as colorless needles 
(143 mg, 43%), mp 189.5-190.5°, >w013 1705 cm“1.

A n a l .  Calcd for CI3Hi5N0 2: C, 71.87; H, 6.96; N , 6.45. 
Found: C, 71.59; H, 6.92; N, 6.37.

From the later fractions, there was obtained 60 mg (14%) of 
16a, mp 171-172.5°, from methylene chloride-ether, >wcl3 
1705 cm“1.

A n a l .  Calcd for Ci3Hi6N 0 2: C, 71.87; H, 6.96; N, 6.45. 
Found: C, 71.77; H, 7.01; N , 6.47.

Reaction of 7,8-Diphenylbicyclo[4.2.2]deca-2,4,7,9-tetraene 
(17) with CSI.— A solution of 200 mg (0.7 mmol) of 1721 and 
0.065 ml (0.77 mmol) of CSI in 10 ml of dry methylene chloride 
was stirred at room temperature for 22 hr, evaporated, and 
hydrolyzed with sodium sulfite solution as above. The product 
was extracted into methylene chloride and, after drying and 
evaporation, was obtained as fine, colorless needles (122 mg, 
53%), mp 215.5-216.5°, from methylene chloride-ether, ivxxcu 
1705 cm“1.

A n a l .  Calcd for C^HigNO: C, 84.89; H, 5.89. Found: 
C, 84.53; H, 5.85.

Reaction of Bicyclo[4.2.1]nona-2,4,7-triene (23a) with CSI.—
Hydrocarbon 23a (470 mg, 0.4 mmol)29 was dissolved in methy
lene chloride (7 ml) and treated with CSI (0.35 ml, 0.42 mmol) 
under nitrogen with stirring. After 14 hr, only :V-(chlorosul- 
fonyl) /3-lactam carbonyl absorption was visible in the infrared. 
The solution was evaporated and the residue was treated with 
thiophenol and pyridine in acetone at 0°. After chromatography 
on Florisil (chloroform-pentane, 1:1, used for elution), 517 mg 
(80%) of a colorless oil was obtained which appeared homoge
neous (nmr analysis). Trituration with ether-pentane at —78° 
and recrystallization from this solvent system gave 25b as 
colorless crystals: mp 76-78°; >wcl! 1750 cm“1; X“ ®0H 275.5 
nm («= 2950), 264.5 (5500), 255 (5600), and 248 (sh, 4240); 
aiSs1’ 7.1 (br, 1 >NH), 5.8- 6.6 (m, 6, olefinic), 3.88 (d, J  =
3.5 Hz, 1), 3.5 (m, 1), 2.3-3.1 (m, 3), and 1.85 (d, J  =  11.5 
Hz).

(29) T . J. K a tz  and S. Cerefice, T e tr a h e d r o n  L e t t . ,  2561 (1969).
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A n a l .  Calcd for Ci„H„NO: C, 74.51; H, 6.88; N, 8.69. 
Found: C, 74.59; H, 6.80; N, 8.74.

0-Lactam 25b is unstable, since originally colorless crystals 
become yellow and partly insoluble over a period of a few days. 
In the noncrystalline state, polymerization is particularly rapid.

Registry No.— 1, 15677-13-1; 3, 34733-74-9; 5, 
38910-79-1; 7,38910-80-4; 7 perchlorate, 38910-81-5; 
10a, 37494-24-9; 10b, 36629-02-4; 10c, 36629-05-7; 
11a,38910-85-9; l i b ,38910-86-0; 11c,38910-87-1; 12a,

38910-88-2; 12b, 38910-89-3; 12c, 38910-90-6; 13,
38910-91-7; 14, 38910-92-8; 14 tosylhydrazone,
38974-04-8; 15, 38910-93-9; 16a, 38910-94-0; 16b, 
38898-33-8; 17, 14690-42-7; 18, 38898-35-0; 23a,
38898-36-1; 25b, 38898-37-2; CSI, 1189-71-5.
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U n ip a r t ic u la t e  E le c t r o p h i l i c  A d d it i o n  as a  P r o b e  o f  P o s s ib le  B ic y c l o a r o m a t i c  a n d  
A n t ib ic y c l o a r o m a t ie  C a r b o n iu m  I o n  C h a r a c te r .  R e a c t io n s  o f  C h lo r o s u l f o n y l  

I s o c y a n a t e  w i t h  E x o c y c l i c  M e t h y le n e  P r e c u r s o r s  t o  S u c h  C a t i o n s 1

L eo  A . P a q u e tte* and  M ichael  J. B roadh urst2 3 

D e p a r t m e n t  o f  C h e m i s t r y ,  T h e  O h i o  S t a t e  U n i v e r s i t y ,  C o l u m b u s ,  O h i o  J f i U l O  

R e c e i v e d  J a n u a r y  3 ,  1 9 7 3

Synthesis of the methylene polyolefins 9-methylenebarbaralane (10), 2-methylenebieyclo[3.2.2]nona-3,6,8- 
triene (3), 9-methylenebicyclo [4.2. l]nona-2,4,7-triene (2), and their benzologs, as well as 7-methylenenorbornadiene
(1) and 7-methylenequadrieyclane (8), has been achieved and the reactions of these hydrocarbons with chloro
sulfonyl isocyanate studied. The systems examined were those which upon attack at the methylene group would 
lead to the generation of possible bicycloaromatic { e . g . ,  4) or antibicycloaromatie { e . g . ,  5, 6 )  zwitterionic inter
mediates. Possible mechanistic pathways leading to the products are proposed and conclusions relating to 
stabilization and destabilization of the relevant cations are drawn.

The concept of bicycloaromaticity, initially for
malized in 1967,3 relates to possible extensive charge 
delocalization in tricyclic ions containing three r  bridges 
in a longicyclic topology.4 5 Of interest because it 
extends the phenomenon of homoaromaticity8 to a 
third dimension, this theory has received an ever in
creasing amount of attention since its introduction. 
To this time, the several relevant cations which have 
been studied have been generated either solvolytically 
(short-life conditions)6 or by protonation in superacidic 
media at low temperatures (long-life conditions).7 Ac
cess to anions has been gained by the action of 
sodium-potassium alloy on a suitable methoxyl pre
cursor6®'8 and by deprotonation.9 In this paper, we 
present yet another way to assess the possible bicyclo- 
or antibicycloaromatie character of cationic species 
which relies upon the generation and capture of these

(1) TJnsaturated H eterocy c lic  System s. X C .  P receding con tribu tion  in
this series: L . A . P a qu ette  and M . J. B roadhurst, J .  O r g . C h e m .,  38, 1886
(1973).

(2) H older o f  a N A T O  P ostd octora l F ellow ship (1970-1972 ) adm inistered 
b y  th e  Science R esearch  C ou ncil.

(3) M . J. G oldstein , J .  A m e r .  C h e m . S o c . ,  89, 6357 (1967).
(4) M . J. G oldstein  and R . H offm ann , i b i d . , 93, 6193 (1971).
(5) S. W instein , C h e m . S o c . ,  S p e c .  P u b l . ,  N o . 21, 5 (1967). >
(6) (a) M . J. G oldstein  and B . G . O dell, J .  A m e r .  C h e m . S o c . ,  89, 6356 

(1967 ); (b ) A . S. K en d e  and T . L . B ogard , T e tr a h e d r o n  L e t t . ,  3383 (1967 );
(c ) J . C . B arborak , J. D a u b , D . M . F ollw eiler, and P . v . R .  Schleyer, J .  
A m e r .  C h e m . S o c . ,  91, 7760 (1969 ); (d ) J. C . B arborak  and P . v . R . Schleyer, 
ib id . ,  92, 3184 (1970 ); (e) J. B . G ru tzner and S. W instein , i b i d . ,  92, 3186 
(1970 ); (f) D . C ook , A . D iaz, J. P . D irlam , D . L. H arris, M . Sakai, S. W in 
stein, J. C . B arborak , and P . v . R .  Schleyer, T e tr a h e d r o n  L e t t . ,  1405 (1971); 
(g ) J. S. B lair, J . C lark, and G . V . M eehan, i b i d . ,  3097 (1972 ); (h ) J. B . 
G rutzner and S. W instein , J .  A m e r .  C h e m . S o c . ,  94, 2200 (1972).

(7) (a) P . Ah lberg, D . L . H arris, and S. W instein , i b i d . ,  92, 2146 (1970); 
(b ) P . A h lberg, J. B . G rutzner, D . L . H arris, and S. W instein , i b i d . ,  92, 3478 
(1970); (c) P . A h lberg, D . L . H arris, and S. W instein , i b i d . ,  92, 4454 (1970);
(d ) P . A hlberg, D . L . H arris, M . R ob erts , P . W arner, P . Seidl, M . Sakai, D . 
C ook , A . D iaz, J. P . D irlam , H . H am eberger, and S. W instein , i b i d . ,  94, 7063 
(1972).

(8) J. B. G rutzner and S. W instein , i b i d . ,  90, 6562 (1968).
(9) S. W . S taley and D . W . R eichard , i b i d . ,  91, 3998 (1969).

elusive intermediates with the uniparticulate electro
phile10 chlorosulfonyl isocyanate (CSI).

In earlier work, the necessity of a suitable reference 
system for evaluation of the level of bicycloaromatic 
character in each individual ion under study has 
presented certain problems. Originally, Goldstein 
and Odell6a resorted to a compound possessing the 
same number of trigonal carbon atoms and -k electrons. 
More recently, Grutzner and Winstein6h selected a 
homoaromatic reference system in which interaction 
operates between two bridges isolated from the third. 
The ideal situation is, of course, one in which the 
identical geometry is available to both the standard 
and potentially bicycloaromatic entity.

In view of the practicality of synthesizing alicyclics
1-3 and related exocyclic methylene hydrocarbons, we 
have entertained the possibility of employing each of 
these hydrocarbons as its own standard of reference. 
Were electrophilic attack to occur at the exocyclic

(10) L . A . P aquette, G . R . Allen, Jr., and M . J. B roadhurst, i b i d . , 93, 4503 
(1971).



1894 J. Or g. Chem., Vol. 38, No. 10, 1973 Paquette and B roadhurst

methylene center in each case, one bicycloaromatic
(4) and two antibicycloaromatic cations (5 and 6) 
would be formed.3 In the latter examples, the re
sulting long-range destabilization of the carbonium 
ion center could serve to substantially reduce the kinetic 
preference for electrophilic bonding to the = C H 2 
group with the result that attack at a different olefinic 
site could become dominant.11 Alternatively, 5 and 
6 could exhibit a high propensity (relative to 4) for 
structural rearrangement. Seemingly, if bicycloaro
maticity does provide a source of stabilization to 
certain three-dimensional 7r-electronic arrays but not 
to others, then widely differing chemical reactivity 
toward uniparticulate electrophiles would be expected 
for 1-3 and related molecules.

Preparation of the Methylene Derivatives.—Syn
thetic entry to 1 was gained by Wittig reaction of 
quadricyclanone (7) with methylenetriphenylphospho-

0

CHj=PPha

7 8

rane and subsequent valence isomerization of the result
ing methylenequadricyclane (8) with [Rh(NOR)Cl]2.12 
The structural assignment to 1 follows from the directed 
synthesis and spectral evidence. Of particular interest 
was the finding that 1 exhibits a methylene proton 
signal at 5 3.63, approximately 0.9 ppm to higher field 
than that found in the other compounds studied herein. 
The excessive shielding of these two protons points 
to strong polarization of the exocyclic double bond 
in 1 with the negative terminus of the dipole oriented

1 9

away from the bicyclic framework. The importance 
of ground-state contributions from structure 9 is re
vealed by the substantial dipole moment of the hydro
carbon (0.71 D) and its 13C nmr and photoelectron 
spectra.12

The methylene hydrocarbons 2 and 3, as well as
9-methylenebarbaralane (10) and methylenehomosemi- 
bullvalene (11), were synthesized by treatment of the 
derived ketones under Wittig conditions with methyl- 
enetriphenylphosphorane. The possibility was con
sidered that benzo derivatives of certain of these 
polyenes might provide added mechanistic informa
tion. Goldschmidt and Kende, while studying the 
photochemical interrelationships of a number of poly- 
olefinic hydrocarbons, have previously described the 
the preparation of 12-14.13 In contrast, because

(11) In  this regard, C S I does n ot differ from  the com m on  biparticu late
electroph ilic  reagents w hich  exh ibit a k inetic preference for a ttack  at a 
term inal m ethylene group in  th e  presence o f  otherw ise disubstitu ted  doub le 
bon d s: R . G raf, A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  7 , 172 (1968).

(12) Subsequent to  the com pletion  o f  this w ork, w e learned o f a similar
synthesis o f 1 in Professor R . W . H offm ann ’s la boratory : R . W . H offm ann,
R . Schuttler, W . Schafer, and A . Schw eig, A n g e w .  C h e m .,  84, 533 (1972); 
A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  11, 512 (1972).

(13) Z. G oldsch m idt and A . S. K ende, T e tr a h e d r o n  L e t t . ,  4625 (1971).

é  Q
10 11

ketone 19 had been previously isolated only in 
low yield from benzyne addition to tropone,14 an im
proved synthesis of this molecule was sought. The 
present scheme depends on the dienophilic character 
of the etheno bridge in bicyclo [4.2.1 ]nona-2,4,7- 
trien-9-one (15)16'16 and subsequent adjustment of the

(14) T . M iw a, M . K ato , and T . T am ano, i b i d . ,  1761 (1969 ); H . T a n id a  
and T . Irie, J .  O r g . C h e m ., 36, 2777 (1971).

(15) L. A . P aquette, R . H . M eisinger, and R . E . W ingard , Jr., J .  A m e r .  
C h e m . S o c . ,  94, 2155 (1972).

(16) T . A . A n tk ow iak, D . C . Sanders, G . B . Trim itsis, J. B . Press, and H . 
Shechter, i b i d . ,  94, 5366 (1972); K . K urabayash i and T . M u k a i, T e t r a 
h e d r o n  L e t t . ,  1049 (1972); M . Sakai, R . P. C hilds, and S. W instein , J .  O rg .  
C h e m .,  37, 2517 (1972).
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oxidation level by such controlled means which 
would aromatize a new six-membered ring fused to 
that position without engendering loss of carbon mon
oxide. To this end, reaction of 15 at 120-130° with 
an excess of a-pyrone (16) in xylene solution contain
ing hydroquinone afforded, after purification by chro
matography, a 34% yield of the desired adduct (17). 
A sharp-melting material was isolated, but it was not 
possible to determine from the available nmr data 
which isomer (17a or 17b) was in hand. Thermal 
decarboxylation of 17 at 230° (0.3 mm) resulted in the 
formation of 18 in 80% yield. Surprisingly, ketone 
18 proved to be somewhat resistant to dehydrogena
tion. Only when solutions of 18 in benzene contain
ing relatively large quantities of 10% palladium on 
carbon were heated at reflux for 24 hr was a reasonable 
(54%) yield of 19 obtained. Treatment of 19 as be
fore with methylenetriphenylphosphorane led readily 
to 20.

Chlorosulfonyl Isocyanate Additions. 9-Methylene- 
barbaralane and Its Benzolog.—Reaction of 10 with 
CSI in dry methylene chloride solution at 25° for 2.5 hr 
and subsequent dechlorosulfonylation with alkaline 
sodium sulfite17 resulted in the formation of lactam 
21b. Its infrared carbonyl absorption (1660 cm-1) 
is typical of a 5-lactam. The absence of ultraviolet 
absorption apart from end absorption attests to the 
lack of extended conjugation. The nmr spectrum 
shows five olefinic protons as a series of three unevenly 
weighted multiplets at 5 6.8 (area 1), 6.18 (area 3), 
and 5.0 (area 1), an allylically disposed >C H N < 
hydrogen at 3.6 (m), a sharp methylene singlet (2 
H) at 3.3, and a broad methine multiplet (2 H) centered 
at 3.2. These data signify in particular that (a) 
electrophilic attack has occurred at the methylene 
carbon in 10 with ultimate attachment of the -C H 2CO- 
functionality to a trigonal carbon (note downfield 
position of the methylene singlet); (b) structural re
arrangement accompanied by opening of the cyclo
propane ring did operate (note lack of cyclopropyl 
protons); and (c) closure of the intermediate zwitterion 
occurred with C -N  bond formation at an allylic center 
to produce a six-ring lactam. Double-resonance stud
ies, which are detailed in the Experimental Section, 
confirmed the structural assignment to 21.

A reasonable mechanism for the formation of 21a 
involves initial generation of zwitterion 22, followed 
by direct trapping of this barbaralyl cation according 
to the indicated series of electron shifts. Interestingly, 
22 has given no evidence for rearrangement via 23 
to 24, despite the bishomoaromatic nature of this 
species.18 This is in contrast to the 9-methylbar- 
baralyl cation, which under long-life conditions re
arranges at —116° exclusively to the methyl 1,4- 
bishomotropylium ion corresponding to 24.7a-18 We 
attribute this difference to the rapid intramolecular 
capture of 22 which, because it is simply an exother
mic bond-forming charge annihilation process, can 
compete favorably with the apparently more ener
getically demanding 1,2 carbon shift required for 
passage to 24.

(17) T\ D urst and M . J . O ’ Sullivan, J ,  O r g . C h e m M 36, 2043 (1970).
(18) (a) S. Y on ida , S. W instein , and Z. Y osh ida , B u l l .  C h e m . S o c .  J a p . ,  45, 

2510 (1972); (b ) R . H offm ann , W .-D . Stohrer, and M . J. G oldstein , i b id . ,  
46, 2513 (1972); (c) R . E . L eon e and P . v . R . Schleyer, A n g e w .  C h e m .,  I n t .  
E d .  E n g l . ,  9, 860 (1970).

When benzo derivative 13 was similarly treated 
with CSI, a lactam of comparable structure (25b)

CH2C0NS02C1

25a, R =  S02C1 
b,R =  H

was isolated. Since one of the double bonds in 22 
remains essentially isolated from the requisite electronic 
shifts, the formation of 25 was not unexpected.68 Struc
ture 25b was assigned chiefly on the basis of the follow
ing nmr observations. In addition to the four aromatic 
protons seen as a multiplet centered at 5 7.2, two olefinic 
proton absorptions were evident at 6.1-6.5 (m, area 
2) and 4.85-5.2 (m, area 1). The bridgehead protons 
were deshielded relative to those in 21b and appeared 
at 3.75 superimposed upon the >C H N < hydrogen. 
The chemical shift of the methylene group (3.35) 
was again in accord with expectations based upon its 
allylic nature.

2-Methylenebicyclo[3.2.2]nona-3,6,8-triene and Its 
Benzolog.—CSI addition to 3 was carried out under 
conditions which matched those used for 10 and 13. 
A number of products, all resulting from initial electro
philic attack at the methylene group, was formed. 
Direct crystallization of the reaction mixture permitted 
isolation of the major product (52%), which was 
identified as lactam 21b. Subsequent column chroma
tography served to separate a two-component lactone 
mixture from residual 21b and a second lactam. Pre
parative-scale vpc permitted isolation of 26 (2%) and 
a second lactone tentatively characterized as 27 (4%). 
The first of these substances exhibited an intense 
carbonyl stretching frequency at 1780 cm-1 and showed 
resonances in the nmr at 5 3.18-7.05 (m, 4), 5.75 (d 
with fine splitting, /  =  8 Hz, 1), 5.3 (dd, J =  10.5 
and 2.5 Hz, 1), 4.5 (m, 1), 3.45 (m, 1), and 2.83 (nar
row AB pattern, 2). Of particular significance are 
the chemical shifts of the methylene (2.83) and >CH O -
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1. CSI
3 ------------------- *

2. Na2S 0 3, OH"

The isolation of lesser amounts of 26 and 28 serves 
to reveal, however, the less marked capability of the 
bicyclo[3.2.2]nona-3,6,8-trien-2-yl cation for degen
erate rearrangement.6"1’66’18 Whether 31 transmutes

protons, which reveal their nonallylic and allylic fea
tures, respectively, the presence of six olefinic hydro
gens, and the unique triply allylic nature of the lone 
methine proton. Spin-decoupling studies confirmed 
the spatial orientation of the various protons (see 
Experimental Section).

The second lactone (> w  1780 cm "1) has proven 
more difficult to characterize unambiguously. The 
presence in 27 of an additional ring is revealed by the 
appearance in the nmr of only four olefinic protons 
at 5 5.45-6.05 (m, 3), and 5.12 (d, 1). The upheld 
positions of the >C H O - (3.9) and methylene protons 
(2.57) seemingly attests to their attachment to non
allylic tetrahedral carbon. Insufficient material pre
cluded examination of the possible huxional nature 
of 27. Accordingly, we point out that other struc
tural formulations such as 29 and 30 cannot be ex
cluded on the basis of the available data.

31

33

29

to 32 through a 1,2-vinyl shift mechanism (as illus
trated), the equivalent homoallylic barbaralyl cation 
(33), or a combination of these processes is not known 
(see Discussion). Once access is gained to 33, C -N  
and C -0  bond formation can now operate to furnish 
28 and 26, respectively.

It can be immediately seen that alternative intra
molecular bonding in 33 adapts itself nicely to the

The minor lactam (28) was characterized by an 
nmr spectrum exceedingly similar to that of 26, thus 
showing that these products were of comparable struc
ture.

The formation of 21b formally requires the 1,2 
shift of a vinyl bridge. Although this reaction course 
can be depicted by means of the electronic reorganiza
tion shown in zwitterion 31, it is perhaps more reason
able in the light of ancillary data to formulate the 
genesis of 21a on the basis of barbaralyl cation 22'. 
For example, Winstein,7c'd Schleyer,6c’d and Gold
stein66 have provided evidence that suitable precur
sors of the destabilized 3+2°2° cation lead instead 
to generation of the barbaralyl cation. Also, the 
nearly exclusive production of 21a from 9-methylene- 
barbaralane, which must necessarily involve 22, 
serves to support additionally the likely involvement 
of 22' in the present situation.

33

ultimate formation of 27. In this connection, it is 
noteworthy that traces of a lactam corresponding 
in structure to 27 were also encountered in the very 
minor fractions obtained from the chromatographic 
separation.

When treated similarly with CSI, the benzo analog 
12 was found to give rise to 25b (68%) and 34 (2.4%). 
Lactone formation was not observed. The identity 
of 34 is apparent on the basis of its physical and spec-
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1. csi
12 --------------- <

2. Na2S 0 3, O H '

tral properties, which match those recorded above 
for this lactam. The assignment of structure to 34 
was supported by comparison of its nmr spectrum with 
that of 28. In particular, alternative formulation 35

which would result from 1,2-benzo migration can be 
convincingly ruled out on the following grounds. 
Firstly, the high-field olefinic doublet of doublets 
due to H3 in 28 is absent in 34. Secondly, H 4 in 34 
appears as a relatively sharp singlet, indicating lack 
of sizable spin-spin interaction with adjacent protons; 
H4 is a higher order multiplet in 28 and appears at 
significantly higher field in the latter spectrum. Lastly, 
H i in 34 is seen to experience a 0.6-ppm downfield 
shift relative to 28 as a result of its benzylic environ
ment. The results with 12 are most economically 
explained in terms of an intermediate benzobicyclo- 
[3.2.2 jnonatrienyl zwitterion19 and its subsequent 
rearrangement via 1,2-benzo migration.

9-Methylenebicyclo[4.2.1]nona-2,4,7-triene and Its 
Benzolog.—When 2 was treated with CSI in analogous 
fashion, a complex mixture of products resulted. The 
four major components of this mixture have been 
isolated in a pure state, but those substances present in 
trace quantities have not been characterized. The 
principal cycloadduct was obtained in 26% isolated 
yield and assigned structure 36. The absorption

maximum at 1705 cm-1 in chloroform was appropriate 
for a y-lactam, as was the ultraviolet maximum in 
ethanol at 254 nm for the conjugated diene moiety. 
In the nmr spectrum, there were the expected ab
sorptions for the olefinic protons of the diene (5 5.5- 
6.45, m, 4) and exocyclic methylene groups (5.15, d, 
J — 2.5 Hz, 2) in addition to the allylic >C H N < 
proton (4.25, m, 1), doubly allylic (3.38, m, 1) and 
allylic bridgehead hydrogen (2.88, m, 1), and a-car- 
bonyl proton (2.33, br s, 1) peaks. Double-resonance 
studies supported these assignments. Confirmatory 
evidence for the presence of the exocyclic methylene 
functionality was obtained by catalytic hydrogenation 
of 36 to the hexahydro lactam 40, the nmr spectrum

of which now revealed the presence of a sharp doublet 
at S 0.98 (J = 7 Hz) typical for a methyl group at
tached to a saturated carbon atom and coupled to a 
lone methine hydrogen.

/3-Lactam 39 (1%) was readily identified as a prod
uct of CSI addition to the terminal methylene group 
of 2 without structural reorganization of the [4.2.1]- 
bicyclic skeleton. This colorless solid showed the 
expected 1760 cm-1 carbonyl stretching frequency 
and an ultraviolet spectrum characteristic of bicyclo-
[4.2.1]nona-2,4,7-trienes. Additional support for the 
assignment comes from comparison of the nmr of 39 
with that of hydrocarbon 2. The observed chemical 
shift of the methylene protons (5 3.77) does not, how
ever, allow an unequivocal decision to be made be
tween the two possible stereoisomers of this (8-lactam.

The ultraviolet spectra of 37 and 38 are consistent 
with a conjugated diene system in a six-membered 
ring and inconsistent with isomeric 1,3-cyclohepta- 
diene structures such as 41 and 42, particularly owing

(19) J. S. Blair, J. C lark, and G . V . M eehan, T e tr a h e d r o n  L e t t . ,  3097 
(1972).

to the twisted diene chromophore structurally enforced 
in the latter pair of molecules. Spin-decoupling 
experiments were of little confirmatory value in these 
cases. In confirmation of the structural assignments, 
however, 37 and 38 underwent ready [4 +  2] cyclo
addition to TCNE at room temperature to give ad
ducts 43a and 43b, respectively. Of particular rel
evance was the finding that the chemical shifts of the 
proton a to the heteroatom in 43a and 43b remained 
essentially unchanged from their positions in the 
spectra of the parent compounds. This observation
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signifies that no gross structural reorganization has 
occurred in the vicinity of the particular carbon atom 
in question and is in keeping with 37 and 38 and not 
41 and 42.

A mechanistic rationalization of the formation of 
37, 38, and 39 involves the assumption that 2 is first 
attacked by CSI at the exocyclic double bond from 
the less sterically hindered direction16 to give 44. 
Monitoring of the progress of the reaction by ir spec
troscopy did provide evidence of A-(chlorosulfonyl) 
/3-lactam intervention. Interestingly, however, there 
invariably remained a weak carbonyl absorption 
due to this functionality which no longer decayed 
with time. We reason that this band corresponds 
to the precursor to 39. The questions arise as to why 
any /3-lactam remains at all and why only a single 
isomer was isolated. A possible explanation is that 
45 is formed in the reaction. Whether this adduct 
arises from ring opening of 44 and closure from the 
opposite direction or from direct [2 +  2] condensation 
is not known. It does appear, however, that 45 is 
not reconvertible to 44.20

What there is to say about the mechanism of con
version of 44 to 37 and 38 is based in part upon the 
earlier observations of Kende and Bogard,6b who 
observed that treatment of 9-phenylbicyclo [4.2.1 ]- 
nona-2,4,7-trien-9-ol with 2 equiv of thionyl chloride 
and 1 equiv of pyridine gave a high yield of 1-chloro-
9-phenyl-cfs-8,9-dihydroindene. Thus, C-N  bond het
erolysis in 44 and essentially synchronous 1,2-diene 
migration from the rear side direction could lead to 46. 
Alternatively, 46 could arise by bond reorganization 
in the electrophilic process proper. A similar driving

(20) Im p lic it  in  this conclu sion  is th e  requirem ent th at 39 be related 
con figu rationally  to  45. Th is is consistent w ith the spectral data.

force does not appear to underlie the conversion of 
45 to 47, where a 1,2-vinyl shift is necessary. How
ever, this possibility cannot be entirely excluded, 
since it remains possible that 47 could cyclize exclu
sively by bonding of nitrogen to the proximate trig
onal cyclobutene carbon with electronic readjustment 
to regenerate the [4.2.1 ] bicyclic unit.18

Competitive attack by the CSI reagent at the etheno 
bridge in 2 is revealed by the isolation of 36. Indeed, 
it appears that 2 may resemble to an extent the closely 
related bicyclo[4.2.2]deca-2,4,7,9-tetraene system1 and 
lead via 48 to zwitterion 49. Stereoselective ap-

0

proach from the exo direction is required, followed 
by preferential 1,2-migration of the butadiene bridge. 
Charge annihilation in 49 understandably is regioselec- 
tive because of strain considerations.

Benzo derivative 20 also undergoes the interesting 
conversion to lactam 50 (51.5%) and lactone 51

(~ 10% ) resulting from exclusive initial bonding to 
its terminal methylene group. Examination of the 
nmr spectra of both products discloses an unmistak
able similarity with those of 37 and 38. The ultra
violet spectra of these compounds likewise show sig
nificant common features.

7-Methylenenorbomadiene and 7-Methylenequadri- 
cyclane.—When 1 was allowed to react with CSI at 
room temperature, there resulted rapid consumption of 
the reagents. Aqueous sodium bisulfite treatment 
followed after 10 min and the highly insoluble uracil 
derivative 52 was obtained in good yield. The nmr, ir,

and mass spectra, as well as the low solubility in 
organic solvents and high melting point, befit this 
structure well.

The /3-lactam originally expected from this reaction 
(54) was then prepared by treatment of 8 with CSI 
and subsequent isomerization of the novel /3-lactam 53
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with Rh(I). In contrast to the behavior of 8 toward 
the rhodium catalyst, 53 reacted rapidly and exother

0 O

l. csi
g ____________ ».

A A
HN xCH2 [Rh(NOR)Cl]2 HN CH2

2. Na2S03, OH

/ S
53 54

mically in CDC13 to afford 54. Not unexpectedly, the 
spectral and physical properties of 54 differ markedly 
from those of 52.

The unique nature of 52 appears to be a consequence 
of an inordinately long lifetime for the stabilized 
zwitterionic intermediate 55,21 such that sufficient

time is available for reaction with a seond molecule 
of CSI.21 22 23 Alternatively, it can be argued that cycliza- 
tion to the /3-lactam is particularly slow in this instance 
because of strain factors. However, the ready for
mation of 53 does not lend support to the latter pro
posal.

5-Methylenetricyclo[6.1.0.04'9]nona-2,6-diene and
Related Compounds. —Although not of direct relevance 
to the bicycloaromaticity question, the reaction of CSI 
with 11 and 14 was studied to determine if exocyclic 
methylene derivatives of this general structure could 
serve as synthetically useful precursors to zwitterionic
I ,  4-bishomotropylium ions such as 58.23 Triene 11 
was most readily accessible from triplet-sensitized 
photoisomerization24'25 of 566a and subsequent reaction 
of homosemibullvalenone 57 with methylenetriphenyl- 
phosphorane. When 11 and 14 were allowed to react 
with CSI, rapid formation of insoluble yellow polymeric 
substances were observed. No characterizable lactam 
or lactone products could be isolated. The causative 
factors underlying the ill-defined nature of these pro
cesses are not known. However, it is worthy of note 
that similar results have been obtained with the some
what related divinylcyclopropanes semibullvalene (59) 
and homosemibullvalene (60).26

(21) (a) R . K . Lustgarten, M . B rookh art, and S. W instein , J .  A m e r .  
C h e m . S o c . ,  89, 6350 (1967); (b ) M . B rookh art, R . K . Lustgarten, and S. 
W instein , i b i d . ,  89, 6352, 6354 (1967); (c) R . K . Lustgarten, M . B rookh art, 
and S. W instein , i b id . ,  90, 7364 (1968).

(22) A nalogous behavior o f  C S I, a lbeit, under quite different circum 
stances, has been encountered p rev iou sly : E . J. M oricon i and J. F. K elly ,
J .  O r g . C h e m ., 33, 3036 (1968); E . J. M oricon i and Y . Shim akaw a, i b i d . ,  87, 
196 (1972).

(23) M . Sakai, D . L . H arris, and S. W instein , i b i d . ,  37, 2631 (1972).
(24) A . S. K en d e  and  Z . G oldschm idt, T e tr a h e d r o n  L e t t . ,  783 (1970).
(25) T h e singlet excited  state beh a vior  o f such ketones has been exam ined: 

(a) O. L. C hapm an, M . K ane, J. D . Lassila, R . L . Loeschen, and H . E . 
W right, J .  A m e r .  C h e m . S o c . ,  91, 6856 (1969); (b ) A . S. K ende, Z . G o ld 
schm idt, and P . T . Izzo , i b i d . ,  91, 6858 (1969).

(26) M . Sakai, D . L. H arris, and S. W instein , J .  C h e m . S o c . ,  C h e m . C o m -

m u n . ,  861 (1972).

Discussion

The fact that lactam 21b is the product of CSI 
addition to 9-methylenebarbaralane (10) is in consort 
with the assumption that this reaction is proceeding 
through barbaralyl cation 22. In view of the sta
bilized nature of the 3+3~l+ construct inherent in
22,4 high preference for attack by the uniparticulate 
electrophile at the methylene carbon should be ex
hibited, and such is observed. Our inability to iso
late /3-lactam product which would result from direct 
collapse of 22 is perhaps a consequence of kinetic 
control, which would presumably lead to more rapid 
six-center cyclization. Transient formation of /3- 
lactam products in all of the described reactions 
must, however, be considered to be a possible initial 
event.27

The experimental results show that exclusive attack 
at the methylene carbon of 2-methylenebicyclo [3.2.2 J- 
nona-3,6,8-triene (3) also occurs. However, the ab
sence of unrearranged products in the mixture, 21b and
26-28, introduces the possibility that [3.2.2] zwitterion 
31 may never be truly formed during the addition. 
In actuality, the seemingly overwhelming preference 
for initial bonding to the methylene carbon of 3 might 
be construed to mean either that the [3.2.2] cation is 
not really destabilized so that its intervention can 
compete favorably with the several other possibilities 
or that this positional selectivity is the result of direct 
passage to the barbaralyl system, the stabilization in 
which is reflected in the transition state. An unequiv
ocal answer to this dichotomy is not presently avail
able. However, it is clear from the relative yields of 
products that a preference for the intermediacy of 22 
does exist. No obvious guideline is available to assess 
why the intervention of isomeric skeletal modifica
tion 33 is not fully competitive.

The less discriminatory reactivity of 2 toward 
CSI has been discussèd above in mechanistic terms. 
Electrophilic attack at the etheno bridge is followed 
by structural bond reorganization to a [3.2.1] bicyclic 
framework in a manner reminiscent of the behavior 
of bicyclo [4.2.2 jdecatetraenes.1 Interestingly, attack 
at the methylene center also occurs, this reaction mode 
operating exclusively in 20 where benzo fusion denies 
access to the first process. In this instance, consider
ation must be accorded to the stereoselectivity of 
CSI attack. Analysis of the product data reveals

(27) J. R . M alpass and N . J. Tw eddle, i b id . ,  1244, 1247 (1972 ); T . J. 
B a rton  and R . J. R og id o , T e tr a h e d r o n  L e t t . ,  3901 (1972).
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that approximately 1% of unrearranged adduct in 
the form of 39 is isolable. Lactam 37 and lactone 38, 
on the other hand, denote the transient formation 
of dihydroindenyl zwitterion 46. It is not possible 
at this time to distinguish between the direct inter
vention of 46 or its genesis as a result of a 1,2-buta- 
dienyl shift in 44. Transient IV-(ehlorosulfonyl) /?- 
lactam formation is observed, but the number of reac
tion pathways which give rise to this functionality 
is unknown. Since CSI additions have been claimed 
tobe “ quasiconcerted”  in certain cases, it is not unreason
able that the formation of 44 could operate without 
build-up of excessive cationic character at C9. Not
withstanding, the incursion of competitive electro
philic addition elsewhere in the molecule serves to 
provide convincing evidence that the bicyclo [4.2.1 ]- 
nona-2,4,7-trien-9-yl cation is not particularly sta
bilized.

The high reactivity of 7-methylenequadricyclane
(8) toward CSI agrees well with the remarkably rapid 
solvolytic behavior of 7-nortricyclyl chloride and 
tosylate.28,29 The absence of structural rearrange
ment in 53 also compares favorably with the earlier 
results of Story and Fahrenholtz,30 who demonstrated 
that sodium borohydride reduction of nortricyclyl 
brosylate is capable of almost completely trapping 
the derived cation prior to isomerization.

The rapidity with which 7-methylenenorbornadiene 
(1) reacts with CSI can be attributed to the highly 
polarized ground state of this hydrocarbon and the 
exceptional stability of the 7-norbornadienyl cation.31 
The extent of interaction between the two vinyl bridges 
and the cationic center cannot be derived from the 
CSI reaction. However, the previous demonstration 
by Winstein21a of the unsymmetrical nature of this 
carbonium ion32 is probably applicable here with little 
modification. Exclusive formation of uracil 52 phe
nomenologically distinguishes zwitterion 55 from the 
other dipolar species evaluated herein. Apart from 
the question of whether the stability of the 7-norbor
nadienyl cation has its origin in homaromatic or bi
cycloaromatic interaction,68,31 it must once again be 
concluded that it represents a particularly fascinating 
example of long-range longicyclic carbonium ion sta
bilization.

Experimental Section

Nmr spectra were obtained with Varian A-60A and HA-100 
instruments; ir spectra with a Perkin-Elmer Infracord; mass 
spectra with the AEI-MS9. The elemental analyses were per
formed by the Scandinavian Microanalytical Laboratory, Herlev, 
Denmark.

7-Methylenequadricyclane (8).—To a stirred suspension of 
methyltriphenylphosphonium bromide (16.8 g, 0.047 mol) in 
dry ether (125 ml) under a nitrogen atmosphere was added n- 
butyllithium (24 ml of 2 M  solution in hexane). The mixture 
was stirred for 1 hr at room temperature and then a solution of 
quadricyclanone (7, 5.0 g, 0.047 mol)33 in ether (25 ml) was 
added over a period of 5 min. A thick, white precipitate formed 
immediately. The reaction mixture was stirred and heated

(28) H . G. R ich ey , Jr., and N . C . B u ck ley , J . A m e r .  C h e m . S a c ., 85, 3057 
(1963).

(29) P. R . Story  and S. R . F ahrenholtz, i b i d . ,  86, 527 (1964).
(30) P. R . S tory  and S. R .  F ahrenholtz, i b id . ,  88, 374 (1966).
(31) S. Y on eda , Z. Y osh ida , and S. W instein, T e tr a h e d r o n ,  28, 2395 (1972).
(32) S. W instein  and C . O rdronnean, J .  A m e r .  C h e m . S o c ., 82, 2084 (1960); 

P. R . Story  and M . Saunders, i b i d . .  84, 4876 (1962).
(33) R . K . Lustgarten, M . B rookhart, and S. W instein, J .  A m e r .  C h e m .  

S o c ., 94, 2347 (1972).

under reflux for 4 hr, cooled, and poured into ice water (200 ml). 
The ether layer was separated and the aqueous layer was ex
tracted twice with pentane (50 ml). The combined organic ex
tracts were washed five times with water, dried, and carefully 
evaporated through a short (1cm) Vigreux column. The residue 
was distilled under reduced pressure to give 2.0 g (40%) of 8 as a 
colorless oil, bp 80-85° (25 mm). An analytical sample was 
obtained by preparative vpc isolation (5 ft X 0.25 in. column 
packed with 20% SE-30 at 55°): 6tmsU 5.08 (s, 2, methylenes),
1.85 (d, J  =  3.5 Hz, 2), and 1.52 (t, J  =  3.5 Hz, 2).

A n a l. Calcd for C8H8: C, 91.25; H, 8.75. Found: C,
91.38; H, 8.85.

7-M ethylenenorbornadiene (1).—To a solution of 1.0 g of 8
in 15 ml of carbon tetrachloride was added 90 mg of [Rh(NOR)- 
Cl]2 and the mixture was refluxed under nitrogen for 20 min. 
At this point, vpc analysis indicated that no starting material 
remained. The solvent was carefully evaporated and the residue 
was distilled to furnish 850 mg (85%) of 1 as a colorless liquid, 
bp 70° (40 mm). An analytical sample was obtained by prepara
tive-scale vpc isolation as above: XS’,Th'”“‘ne 242 nm (e 200); 8?Ss's
6.8 (t, J  =  2.5 Hz, 4, olefinic), 3.84 (m, 2, methine), and 3.63 
(s, 2, methylene).

A n al. Calcd for C8H8: C, 91.25; H, 8.75. Found: C, 
91.42; H, 8.81.

9-M ethylenebicyclo[4.2.1]nona-2,4,7-triene (2 ).—This hydro
carbon was prepared from the corresponding ketone15,16 by a 
method identical with that utilized above. From 9.6 g of the 
ketone, there was isolated 3.6 g (38%) of 2 as a colorless liquid: 
bp 40-42° (0.5 mm); 6?Ss's 5.7-6.4 (m, 4, diene protons), 5.4 
(s, 2, ethano protons), 4.79 (s, 2, methylene), 3.44 (broadened d, 
/  = 6.5 Hz, 2, methine); X ^ " ™ '  270 nm («3400) and 261 nm 
(3400) with shoulders at 280 (2150) and 254 (2850).

A n al. Calcd for CioHm: C, 92.26; H, 7.74. Found: 
92.39; H, 7.73.

2-M ethylenebicyclo[3.2.2]nona-3,6,8-triene (3 ).—Reaction of
2.01 g of bicyclo[3.2.2]nona-3,6,8-trien-2-one28 29 30 31 32 33 6 35“ with an equimolar 
amount of methylenetriphenylphosphorane in the predescribed 
manner furnished 1.35 g (68%) of 3 as a colorless liquid: bp
70° (5 mm); Xc„y.The""° 255 nm (sh, « 5500) and 232 (9050); 5?Ss
5.90-6.75 (m, 5, olefinic), 5.48 (d with fine splitting, J  =  10 
Hz), 5.05 (s with fine splitting, 1, methylene proton), 4.7 (s 
with fine splitting, 1, methylene proton), and 3.20-3.87 (m, 2, 
methines).

A n al. Calcd for C10Hi0: C, 92.26; H, 7.74. Found: C, 
91.98; H, 7.92.

9-M ethyienetricyclo [3.3.1.028j nona-3,6-diene (9-M ethylene-
barbaralane, 10).—Treatment of 9.1 g of barbaralone15,16,34 with 
an equimolar quantity of methylenetriphenylphosphorane as 
described above afforded 5.7 g (63.5%) of 10 as a colorless liquid: 
bp 71-73° (5 mm); b ru t ’ 5.65 (m, 2, olefinic), 4.7 (s, 2, methyl
ene protons), 4.12 (m, 4), and 2.82 (m, 2).

A n a l. Calcd for CioHio: C, 92.26; H, 7.74. Found: C, 
92.13; H, 7.76.

Reaction of Bicyclo[4.2.1]nona-2,4,7-trien-9-one (15) with a- 
Pyrone (16).-—A solution of 18.6 g (0.14 mol) of 15,16'16 20 g 
(0.21 mol) of a-pyrone,36 and 100 mg of hydroquinone in 30 ml 
of xylene was heated at 120-130° under nitrogen for 20 hr. 
After cooling, the product was chromatographed on Florisil. 
Elution with chloroform afforded 11.06 g (34%) of 17 as colorless 
needles, mp 204-205° dec, from methylene chloride-ether: 
>w0l‘ 1765 cm“1; x£«[0H 310 nm (e 400), 274 (3000), 264 (3580), 
and 258 (sh, 2830); 6tmsIj 6.5 (m, 2, olefinic), 5.85 (m, 4, diene 
protons), 5.26 (m, >CHO-), 3.72 (m, 1, methine), 3.25 (br m, 
2, methine), and 2.6 (m, 2, methine).

A n al. Calcd for C14Hi20 3: C, 73.67; H, 5.30. Found: C, 
73.46; H, 5.17.

Decarboxylation of 17.—A 1.5-g sample of 17 was heated to 
230° in a small, short path distillation column under 0.3 mm 
pressure. Carbon dioxide evolution was observed and a distillate 
which solidified in the cold portion of the apparatus was obtained. 
Upon completion of the gas evolution, the product was washed 
out with ether. Evaporation of the solvent yielded 830 mg 
(70%) of 18 as colorless crystals: mp 74-77° (sublimation at 
80° (0.5 mm) raised the melting point to 81-83°); 1745

(34) W . von  E . D oerin g, B . M . Ferrier, E . D . Fossel, J. H . H artenstein, 
M . Jones, Jr., G . K lum pp , R . M . R u b in , and M . Saunders, T etra h ed ron , 23, 
3943 (1967).

(35) H . E . Z im m erm an, G . L . G rünew ald, and R . M . Paufler, O rg. S y n .,
46, 101 (1966).
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cm -1; X 2?°H 310 nm (sh, £ 930), 258 (6500), and 240 (5150); 
t̂ms'3 5.4-5.9 (m, 8 , olefinic), 3.45 (m, 2, methine), and 2.65 

(m, 2, >CHCO-).
A n al. Calcd for C13H12O: C, 84.75; H, 6.59. Found: C, 

84.71; H, 6.56.
7,8-Benzobicyclo[4.2.1]nona-2,4,7-trien-9-one (19).—A solu

tion of 1.2 g of 18 in 20  ml of benzene containing 2 .0  g of 10% 
palladium on charcoal was heated at reflux for 24 hr. The 
catalyst was separated by filtration, the solvent was evaporated, 
and the pale yellow oil was chromatographed on Florisil. Elu
tion with benzene-pentane (1:1) furnished 650 mg (54%) of 19 
as colorless crystals, mp 80-82° (lit.14mp 82-82.5°).

9-Methylene-7,8-benzobicyclo[4.2.ljnona-2,4,7-triene (20).— 
Ketone 19 (800 mg) was treated with 1 equiv of methylenetri- 
phenylphosphorane as described earlier. After the usual work
up, the crude reaction mixture was chromatographed on Florisil. 
Elution with pentane gave 450 mg (56%) of 20 as a colorless oil 
which slowly crystallized on cooling to 0°: X ^ oh"°°' 284 nm
(e 2920), 273 (4700), 262 (4400), 254 (3260), and 242 (sh, 2960); 
Stms13 7.15 (s, 4, aromatic), 6 .0-6.4 (m, 2, olefinic), 5.5-5.85 
(m, 2, olefinic), 4.98 (s, 2, methylene), and 4.1 (d, J  = 7.5 Hz,
2 , methine).

A n al. Calcd for C«HU: C, 93.29; H, 6.71. Found: C, 
93.46; H, 6.75.

Reaction of 10 with CSI.—To a magnetically stirred solution 
of 4.55 g (35.5 mmol) of 10 in 50 ml of dry dichloromethane was 
added under nitrogen 3.1 ml (37 mmol) of CSI dissolved in 20 
ml of the same solvent over a period of 20 min. The solution 
was stirred at room temperature for 2.5 hr and the solvent was 
evaporated. The residue was dissolved in 40 ml of ether con
taining 10 ml of acetone and this solution was added dropwise 
to a rapidly stirred suspension of sodium sulfite (30 g) in 80 ml 
of water. The pH of the aqueous layer was kept at ca. 8-9 by 
the addition of 2 0% aqueous potassium hydroxide solution as 
required. After the addition was complete, stirring was con
tinued for a further 45 min and the product was then extracted 
into methylene chloride ( 6  X  50 ml). The combined organic 
layers were dried and evaporated to give a colorless, crystalline 
product which was triturated with ether, filtered, and dried (4.7 
g, 77.5%). Recrystallization from dichloromethane gave pure 
21b: mp 207.5-208.5°; ^ ” c '3 1660 cm“1; X“ *‘0H end absorp
tion only; 7.4 (br, 1, >NH), 6 .8  (m, 1 , olefinic), 6.18 (m,
3, olefinic), 5.0 (m, 1, >CH N <), 3.3 (s, 2, methylene), and
3.2 (m, 2, methine).

A n al. Calcd for C n H n N O :  C, 76.28; H ,  6.40; N ,  8.08. 
Found: C, 76.13; H ,  6.40; N ,  7.96.

When the >NH proton was saturated, the absorption at 6 3.6 
collapsed to a triplet with no other observable changes. Double 
irradiation of the 5 3.6 multiplet resulted in the appearance of 
the high-field olefinic proton (dd, J  — 10.5 and 2.0 Hz); clearly, 
this proton must be the adjoining vinyl hydrogen, the small 
coupling constant arising from allylic coupling to the bridgehead 
proton. This last conclusion was supported by the finding that 
spin decoupling of the 5 3 .2  multiplet caused simplification of this 
olefinic proton (dd, J = 10.5 and 4 Hz). Expectedly, additional 
simplification of all the remaining olefinic signals was also seen.

Evaporation of the mother liquors resulting from the cyclo
addition yielded an oily residue that was chromatographed on 
Florisil. Elution with chloroform gave a crystalline lactam 
fraction (400 mg, 6.5%), the nmr spectrum of which indicated 
it to consist mainly of 21b. However, a small amount of a 
second component was also present. Attempts to obtain a 
pure sample of this very minor component were not successful.

Reaction of 13 with CSI.—Treatment of 470 mg (2.6 mmol) of 
1313 with 360 mg of CSI in 10 ml of methylene chloride (25°, 
40 min) and subsequent dechlorosulfonylation as above afforded 
370 mg (64% ) of 25b as colorless crystals, mp 224-224.5°, from 
methylene chloride-ether: jw01’ 1660 cm-1; XS“s0H 265 nm
(e 150); 7.2 (m, 4, aromatic),6 .1-6.5 (m, 2, olefinic),
4.85-5.2 (m, 1, olefinic), 3.75 (m, 3, methine), and 3.35 (m, 2, 
-CH 2CO-).

A nal. Calcd for ClsHi3NO: C, 80.69; H, 5.87; N, 6.27. 
Found: C, 80.43; H,5.87; N.6.23.

Reaction of 3 with CSI.—From 1.2 g (9.25 mmol) of 3 and 
0.84 ml (9.5 mmol) of CSI in 40 ml of dichloromethane (25°, 
2 hr) and subsequent hydrolysis with alkaline sodium sulfite 
solution, there resulted a slightly sticky, colorless solid, tritura
tion of which with ether gave 810 mg (50.5%) of 21b identical 
in all respects with the lactam isolated above.

Evaporation of the filtrate yielded ca. 1 g of a pale yellow, oily 
residue which was chromatographed on Florisil. Pentane- 
chloroform (4:1) eluted a colorless oil which crystallized from 
ether at —78° to give 120 mg (7.5%) of colorless crystals, mp
67-76°. The nmr spectrum clearly indicated a mixture of two 
components and the ir spectrum suggested that these were 
lactones (nmK 1780 cm-1). These were separated by preparative 
scale vpc (5 ft X  0.25 in. column packed with 5% SE-30, 130°).

The major component has been tentatively assigned structure 
27: >w° 13 1780 cm-1; X°2„“‘0H shoulder on end absorption, 222 
nm (e 3600); 5tms'! 5.45-6.05 (m, 3, olefinic), 5.12 (d, 1, olefinic),
3.9 (br s, 1 >CHO-), 2.7 (m, 3, methine), and 2.57 (s, 2, methyl
ene); mass spectrum, 174.0682 (calcd for C11H10O2, 174.0681).

The minor component was identified as lactone 26: 1780
cm-1; uv showed only end absorption; 5?Ss'3 6.18-7.05 (m, 4, 
olefinic), 5.75 (d with fine splitting, /  = 8  Hz, 1, olefinic), 5.3 
(dd, J  =  10.5 and 2.5 Hz, 1, olefinic), 4.5 (m, 1, >CHO-),
3.45 (m, 1, methine), and 2.83 (s, 2, methylene) [the latter 
absorption was shown to be a distorted AB system ( /  = 16 Hz) 
at 100 MHz]; mass spectrum, 174.0678 (calcd for CuHio02, 
174.0681).

Continued elution of the chomatography column with chloro
form gave a solid mixture of three lactams (nmr analysis) weigh
ing 105 mg (6.5%). Rechromatography of this mixture on 
Florisil using pentane-chloroform (1:1) as eluent gave 52 mg 
(3.2%) of pure lactam 28 as the first compound from the column: 
colorless crystals; mp 145-147°; (w cls 1690 cm-1; uv showed 
only end absorption; Stms'3 6.0-6.96 (m, 5, olefinic and >NH),
5.73 (d with fine splitting, J  = 8 Hz, 1, olefinic), 5.1 (dd, J  =
10.5 and 2.5 Hz, 1, olefinic), 3.92 (m, 1, >CH N <), 3.25 (m, 1, 
methine), and 2.61 (distorted AB pattern, J  =  15 Hz, 2, meth
ylene).

A n al. Calcd for CnHnNO: C, 76.28; H, 6.40; N, 8.08. 
Found: C ,76.01; H,6.40; N,8.14.

Continued elution of the column with chloroform yielded an 
additional 45 mg (2.8%) of 21b. Only traces of the third lactam 
were eluted and these were insufficient for characterization.

Reaction of 12 with CSI.—The cycloaddition was carried out 
essentially as described above with 7.3 g (40.5 mmol) of 12.13 
After the usual work-up and solvent removal, trituration of the 
solid residue with ether gave 5.63 g (62.5%) of 25b, mp 224- 
224.5°, identical in all its spectral properties with the lactam 
isolated above.

Chromatography of the noncrystalline residue on Florisil using 
pentane-chloroform (1:1) as eluent led to the isolation of 34 
(220 mg, 2.4%) as fine, colorless needles, mp 204.5-205.5°, from 
methylene chloride-ether: «vi“ cl3 1695 cm-1; X2"‘°H 268 nm 
( e  300); 5?£s13 8.0 (br, 1, >NH), 7.18 (m, 4, aromatic), 6.23-
7.0 (m, 3, olefinic), 5.8 (d, /  = 8 Hz, 1, olefinic), 4.54 (s, 1, 
>CH N <), 3.86 (m, 1, methine), and 2.73 (part of distorted AB 
pattern, J  =  16 Hz, 2 , methylene).

A n a l. Calcd for CioH„NO: C, 80.69; H, 5.87; N, 6.27. 
Found: C, 80.32; H,5.81; N,6.27.

After the appearance of 34, an additional 503 mg (5.5%) of 
25b was obtained upon continued elution.

Reaction of 2 with CSI.—A 5.5-g (43 mmol) sample of 2 was 
treated with 3.7 ml (44 mmol) of CSI in 60 ml of methylene 
chloride as outlined above. After dechlorosulfonylation and 
solvent removal, a sticky white solid was obtained which on 
trituration with ether afforded 2.23 g (30.5%) of white solid. 
Nmr analysis of this material showed it to be a mixture of 36 
and 37 in a ratio of ca. 3:1. These lactams were readily sepa
rated by chromatography on Florisil, lactam 36 eluting with 
chloroform-pentane (1:1) and 37 eluting with chloroform.

36 was a colorless solid: mp 168.5-169.5°; >v“ cl3 1705 cm-1; 
x£«i0H 254 nm (e 4950); 5?Ss 7.3 (br, 1, >NH), 5.5-6.45 (m, 
4, diene protons), 5.15 (d, J  = 2.5 Hz, 1 , exocyclic methylene),
4.85 (d, J  = 2.0 Hz, 1, exocyclic methylene), 4.25 (m, 1, 
>CH N <), 3.38 (m, 1, doubly allylic methine), 2.88 (m, 1, 
methine), and 2.33 (brs, 1 , >CHOO-).

A n a l. Calcd for C n H n N O :  C, 76.28; H ,  640; N ,  8.08. 
Found: C, 75.99; H ,  6.35; N ,  7.99.

37 was a colorless solid: mp 120-122°; iv“*013 1690 cm“ 1; 
X“  276 nm (sh, e 2250), 267 (3990), 259 (3930), and 250 
(sh, 2900); 6?£|l3 7.4 (br, 1, >NH), 5.45-6.02 (m, 6 , olefinic),
4.4 (m, 1, >CH N <), 3.48 (m, 1, methine), and 2.41 (distorted 
AB pattern, Jab = 17 Hz, 2, methylene).

A n a l. Calcd for C n H n N O :  C, 76.28; H ,  6.40; N ,  8.08. 
Found: C, 76.21; H ,  6.38; N ,  8.08.
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Evaporation of the above filtrate gave a pale yellow, viscous 
residue which was chromatographed on Florisil. Elution with 
pentane-chloroform (4:1) gave 433 mg (5.9%) of lactone 38 as 
colorless crystals, mp 54.5-55.5°, from pentane-ether: <v?xcl‘
1770 cm "1; X°my« ' 276 nm (sh, e 1965), 269 (3795), 256 (3795), 
and 248 (sh, 2887); 6?Ss* 5.47-6.15 (m, 6, olefinic), 5.2 (m, 1, 
>CH O-), 3.5 (m, 1, methine), and 2.6 (distorted AB pattern, 
J a b  = 18 Hz, 2, methylene).

A n a l. Calcd for CuHi„02: C, 75.84; H, 5.79. Found; 
C, 75.06; H, 5.80.

Continued elution of the column with pentane-chloroform 
(1:1) gave 77 mg (1%) of /3-lactam 38 as colorless crystals: mp 
158-159°; 1760 cm“ 1; X ^ t0H 285 nm (e 1350), 271 (sh,
2380), and 265 (2450); «?£?’ 6.4 (br, 1, >NH), 5.95 (m, 4, 
diene protons), 5.42 (d, /  = 1 Hz, 2, olefinic), 4.1 (m, 2, meth- 
ine), and 3.77 (d, /  = 1.5 Hz, methylene).

A n a l. Calcd for CuH„NO: C, 76.28; H, 6.40; N, 8.08. 
Found: C, 75.97; H, 6.41; N, 8.03.

Further elution yielded fractions rich in lactam 36 contami
nated with small amounts of unidentified products. Crystalliza
tion yielded an additional 320 mg (4.4%) of pure 36. Attempts 
to obtain pure samples of the minor components were not success
ful because of a lack of material and their apparent ready polym
erization.

Finally, elution with chloroform afforded a further 410 mg 
(5.6%) of 37 after crystallization from methylene chloride- 
ether.

Hydrogenation of 36.—A solution of 200 mg of 36 in 25 ml of 
ethyl acetate containing 100 mg of 10% palladium on charcoal 
was hydrogenated at 25 psig and 25° in a Parr apparatus for 25 
hr. The catalyst was removed by filtration and the filtrate was 
evaporated to give 178 mg of 40 as a colorless solid, mp 138.5- 
141.5°, 5?ms‘s 1-03 (d, J  =  6.5 Hz, 3, methyl).

A n al. Calcd for C„H„NO: C, 73.70; H, 9.56; N, 7.81. 
Found: C ,73.47; H ,9.39; N ,7.76.

TCNE Addition to Lactam 37.—A solution of 60 mg of 37 and 
56 mg of TCNE in 1.5 ml of dry tetrahydrofuran was left to 
stand at room temperature for 24 hr. The colorless, crystalline 
product that formed (96 mg, 92%) was separated by filtration 
and recrystallized from acetone-ether. The resulting white 
crystals darken above 270° and decompose with melting at 290- 
300°: r l t 1 1695 cm"1; S’tZ T " “  7.25 (br, 1, >NH), 6.55-7.15 
(m, 2, olefinic), 5.9 (s, 2, olefinic), 4.55 (m, 2, >CHN< and 
and one methine proton), 4.1 (m, 1, methine), 3.48 (m, 1, 
methine), 3.4 and 2.56 (centers of AB doublets, J  — 18 Hz, 2, 
methylene).

A n a l. Calcd for C„H „N 50 : C, 67.77; H, 3.68; N, 23.24. 
Found: C, 67.55; H, 3.70; N, 23.20.

TCNE Addition to Lactone 38.—Reaction of 154 mg of 38 and 
160 mg of TCNE in tetrahydrofuran as above gave 223 mg (84%) 
of adduct 43b as colorless crystals, mp >270° dec, from acetone- 
ether: 1760 cm-»; 6.5-7.1 (m, 2, olefinic), 5.9-
6.25 (m, 2, olefinic), 5.3 (m, 1, >CHO-), 4.55 (d with fine split
ting, 1, methine), 4.15 (t of d, J  =  6.0 and 1.5 Hz, 1, methine),
3.61 (m, 1, methine), 3.66 and 2.92 (centers of AB doublets, 
J  -  19 Hz, 2, methylene).

A n a l. Calcd for CnHioN40 2: C, 67.51; H, 3.33; N, 18.54. 
Found: C, 67.55; H, 3.35; N, 18.55.

Reaction of 20 with CSI.—Treatment of 150 mg (8.45 mmol) 
of 20 with 0.08 ml (9.5 mmol) of CSI in 7 ml of methylene chloride 
(25°, 14 hr), subsequent hydrolysis with sulfite ion, and chroma
tography on Florisil gave (pentane elution) 13 mg of a colorless 
oil identified as lactone 51: v™ °'3 1780 cm“*; Stms1' 7.28 (s, 4, 
aromatic), 5.65-6.0 (m, 4, olefinic), 5.5 (s, 1, >CHO-), 3.87 
(m, 1, methine), and 2.62 (s, 2, methylene).

Continued elution of the column with pentane-chloroform 
(1:1) furnished 96 mg (51.5%) of 50 as colorless crystals, mp
180-182°, from chloroform-ether: rS«cl1 1685 cm-1; s‘‘ 7.7
(br s, 1, >NH), 7.2 (s, 4, aromatic), 5.55-6.0 (m, 4, olefinic),
4.72 (s, 1, >CHN<), 3.84 (m, 1, methine), and 2.42 (s, 2, 
methylene).

A n al. Calcd for Ci5Hi3NO: C, 80.69; H, 5.87; N, 6.27. 
Found: C, 80.90; H, 5.81; N.6.28.

Reaction of 1 with CSI.—To a solution of 104 mg (1 mmol) of 
1 in 7 ml of dry methylene chloride was added under nitrogen 
0.084 ml (1 mmol) of CSI. After stirring for 10 min, the solvent 
was evaporated and the residue was hydrolyzed in the usual 
manner. The product was extracted into methylene chloride

and this solution was dried and evaporated to give 50 mg (52%) 
of white, crystalline product: mp 234-235° dec; rS"cls 1700 
cm“ » (sh at 1725 cm"»); 5 ™ !°"“  7.48 (br s, 1, >NH ), 6.63 
(t, /  = 2 Hz, 4, olefinic), 3.38 (m, 2, methine), and 2.77 (s, 2, 
methylene); mass spectrum, 190.0744 (calcd m/e 190.0742).

A n al. Calcd for CioHi0N20 2: C, 63.15; H, 5.30; N, 14.73. 
Found: C, 62.91; H, 5.33; N, 14.64.

Reaction of 8 with CSI.—Treatment of 400 mg (3.8 mmol) of 
8 with 0.33 ml (4 mmol) of CSI in 10 ml of methylene chloride 
for 15 min at 25° led to the ready isolation of 300 mg (53%) of 
53 after deehlorosulfonylation as colorless crystals, mp 96.5-97°, 
from ether-pentane: r™xcl’ 1750 cm'»; S?£slJ 6.4 (br, 1, >NH ),
3.2 (d, /  = 1.5 Hz, 2, methylene), 1.77 (m, 4, cyclopropyl), 
and 1.29 (m, 2, cyclopropyl).

A n al. Calcd for C9H9NO: C, 73.41; H, 6.16. Found: 
C ,73.16; H ,6.25.

Rearrangement of 53.—To a solution of 30 mg of 53 dissolved 
in 0.4 ml of CDC13 in an nmr tube was added three crystals of 
[Rh(NOR)Cl]2. The initially orange-brown solution rapidly 
became warm and then changed in color to a pale yellow. A 
small amount of yellow, insoluble precipitate formed also. The 
nmr spectrum of the reaction mixture showed complete conversion 
to 54. The solution was filtered and evaporated to give a quan
titative yield of colorless crystals, mp 123-125°, from ether- 
pentane: r£"cl3 1750 cm“»; 6.9 (br, 1, >NH), 6.6 (m, 4,
olefinic), 3.48 (m, 2, methine), and 2.53 (d, J  =  1.5 Hz, 2, 
methylene).

A n al. Calcd for C9H9NO: C, 73.41; H, 6.16; N, 9.56. 
Found: C, 73.19; H, 6.22; N, 9.61.

Tricyclo[6.1.0.04'9]nona-2,6-dien-5-one (57).—A solution of 
400 mg of 566a and 200 mg of Michler’s ketone in 400 ml of benzene 
maintained under a constant nitrogen atmosphere was irradiated 
with a 450-W Hanovia lamp source through Pyrex for 20 min. 
The solvent was evaporated and the residue was extracted with 
pentane-ether (1:1). The combined organic layers were washed 
with dilute hydrochloric acid and distilled water, dried, and 
evaporated to give 344 mg of 57 as a colorless oil contaminated 
with approximately 5% of starting material. This material was 
utilized without further purification in the next step.

5-M ethylenetricyclo[6.1.0.04’9]nona-2,6-diene (11).—To a so
lution of methylenetriphenylphosphorane in 50 ml of ether pre
pared from 1.8 g of methyltriphenylphosphonium bromide and
2.1 ml of 2 M  n-butyllithium solution in hexane was added 560 
mg of somewhat impure 57. The mixture was heated at reflux 
for 4 hr and worked up in the customary manner. Vacuum 
transfer afforded 210 mg of colorless oil, vpc analysis of which 
indicated it to be chiefly 11. Purification was achieved by pre
parative scale vpc isolation from a 0.25 in. X 5 ft column packed 
with 5% SE-30 on Chromosorb W at 60°: 5.22-6.42 (m,
4, olefinic), 4.67-4.92 (m, 2, methylene), 3.50-3.73 (m, 
1, methine), and 1.36-2.46 (m, 3, cyclopropyl).

A n al. Calcd for CioH10: C, 92.26; H, 7.74. Found: C, 
92.23; H, 7.66.

Registry No.—1, 37846-63-2; 2, 38898-39-4; 3, 
38898-40-7; 7, 1072-92-0; 8, 38898-42-9; 10, 37816- 
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38898-26-9; 19, 22824-77-7; 20, 38898-50-9; 21b,
38898-51-0; 25b, 38974-07-1; 26, 38898-52-1; 27, 
38898-53-2; 28, 38898-54-3; 29, 38898-55-4; 36,
38898-56-5; 37, 38898-27-0; 38, 38898-28-1; 39,
38898-57-6; 40, 38898-29-2; 43a, 38898-30-5; 43b, 
38974-08-2; 50,38898-31-6; 51,38898-32-7; 52,38898- 
58-7; 53,38898-59-8; 54,38898-60-1; 56, 17684-75-2; 
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The AlClrinduced rearrangements of 1-benzyltetralin (5) to 1,5-diphenylpentane (12) and 2,3:6,7-dibenzo- 
bicyclo[3.3.l]nona-2,6-diene (13), of l-benzyl-3-methyltetralin (6) to 2-methyl-l,5-diphenylpentane (14) and
l-methyl-2,3 :6,7-dibenzobicyclo[3.3.1]nona-2,6-diene (IS), and of 1-benzyl-l-methyltetralin (7) to compounds 
6, 14, and 15 were examined in detail. Diastereoisomers of 6 were synthesized and subjected to similar treat
ment. Cis-trans interconversion of the diastereoisomers proceeded faster than the formation of products 14 and 
15. The formation of the products is discussed in light of the production of the carbonium ion intermediates 
formed by the simultaneous protonation of the benzene ring and hydride abstraction from the alicyclic ring. 
Treatment of l-benzyl-3,3-dimethyltetralin (8) and l-benzyl-4,4-dimethyltetralin (9) with AICI3 resulted in the 
production of 1,8-dimethyl-2,3:6,7-dibenzobicyclo [3.3.1] nona-2,6-diene (28), the formation of which required a
1,2 shift of a methide ion.

Our interest in the cyclialkylations and bicyclialkyla- 
tions of diphenylalkyl chlorides with Friedel-Crafts 
catalysts has resulted in the reports that l-chloro-3,4- 
diphenylbutane (1) cyclized to give almost exclusively
2-phenyltetralin (4),2 and that l-chloro-4,5-diphenyl- 
pentane (2) cyclized to give mainly 1-benzyltetralin
(5),3 while the diastereomeric l-chloro-2-methyl-4,5- 
diphenylpentanes (3) gave mainly l-benzyl-3-methyl- 
tetralin (6), together with some l-benzyl-3,3-dimethyl- 
indan (10) and l,l-dimethyl-3-phenyltetralin (11).M 
From these observations, we concluded (i) that six- 
membered ring (tetralin) formation was preferred over 
five-membered ring (indan) formation (the latter was 
observed only when the carbonium ion intermediate so 
formed possessed some degree of stability, or when 
indan formation became the only possible reaction 
path8), and (ii) that seven-membered ring (benzo- 
suberane) formation was not observed under the reac
tion conditions.6

From l-chloro-4,5-diphenylpentane (2), there were 
also isolated 1,5-diphenylpentane (12) and 2,3:6,7-di- 
benzobicyclo[3.3.1]nona-2,6-diene (13), and from 1- 
chloro-2-methyl-4,5-diphenylpentane (3), the corre
sponding compounds 2-methyl-1,5-diphenylpentane (14) 
and l-methyl-2,3:6,7-dibenzobicyclo [3.3.1 ]nona-2,6-
diene (15) were obtained.3 We demonstrated that 
these compounds came directly from the rearrange
ment of the initially formed 1-benzyltetralins 5 and
6.3 *  The ring-cleaved compounds 12 and 14 must come 
from benzene ring protonation followed by dephenyla- 
tion, while the bicyclized compounds 13 and 15 are 
formed via hydride ion abstraction from the alicyclic 
ring followed by cyclialkylation. It is interesting to 
note that, although examples of molecules having the 
potential for both of these two diverse types of reac

(1) (a) P a rt X X I X  o f  the series “ N ew  Friedel-C rafts C h em istry .”  Part
X X V I I I :  A . A . K hala f and R . M . R ob erts , J .  O r g . C h e m ., 38, 1388 (1973).
(b ) G enerous su pport o f  this research, includ ing a postd octora l fellow ship 
for  K .-H . B . b y  the R o b e rt  A . W elch  F ou ndation , is gratefu lly  acknow 
ledged.

(2) A . A . K h ala f and R . M . R ob erts , J .  O r g . C h e m ., 31, 89 (1966), and 
references cited therein.

(3) R . M . R ob erts , G . P . Anderson, Jr., A . A . K h a la f and C .-E . Low , 
J .  O rg . C h e m ., 36, 3342 (1971).

(4) A . A, K halaf and R . M . R ob erts , J .  O r g . C h e m .,  in press; c f .  ref la .
(6) See, for exam ple, A . A . K h ala f and R . M . R ob erts , J .  O r g . C h e m . ,  34, 

3571 (1969).
(6) A  similar conclu sion  was reached in other system s; see (a) L . R .  C . 

B arclay , R . A . G inn, and C . E . M illigan , C a n .  J .  C h e m .,  42, 579 (1964 ); (b )
L . R .  C . B a rclay  in  H . A . O lah, E d ., “ F riede l-C ra fts  and R ela ted  R ea c
tion s.”  V oL  II , Interscience, N ew  Y ork , N . Y . ,  1964, p  932.

tions are rare, we have found a system which possesses 
such properties. It is therefore worthwhile to study 
the system in some detail in order to define the scope of 
these reactions, and to gain a deeper insight into the 
nature of the mechanistic pathways.

We are also aware that the formation of two di
astereomeric pairs of l-benzyl-3-methyltetralins (6) was 
possible from the cyclization of l-chloro-2-methyl-4,5- 
diphenylpentane (3), and that behavioral differences of 
these diastereomers could be manifested under the 
reaction conditions. Realizing that isolation of these 
diastereomeric compounds from the reaction mixture 
could be very difficult, we undertook to synthesize 
them separately and to subject each of them to similar 
reaction conditions in order to compare their behavior.

Results and Discussion

Our original plan to secure cis-6 and trans-6 was first 
to isolate the diastereomeric alcohols cis-7 and trans- 17 
from the reaction

+  PhCH2MgCl

cis-17

and then, after having established the configuration of 
each, to reduce the individual alcohols stereoselectively. 
However, although we were able to obtain these stereo- 
isomeric alcohols in pure form by repeated column 
chromatography, the assignment of the configuration 
posed each a big uncertainty that we discontinued this 
plan in favor of Scheme I.

The successful synthesis of czs-l-benzyl-3-methyl- 
tetralin (cis-6) and the trans isomer (trans-6) was ac
complished according to the flow diagram depicted in 
Scheme I.

The Stobbe condensation of benzaldehyde with di
ethyl succinate, giving phenylitaconic acid (18) , 7 the

(7 ) E . C . H orn ing and G . N . W alker, J .  A m e r .  C h e m . S o c . ,  74, 5147 
(1952).
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catalytic reduction8 of it to give phenylsuccinic acid
(19), conversion to phenylsuccinic anhydride (20),9 and 
cyclization of it to give 3-carboxy-l-tetralone (21)7 are 
literature procedures. Reaction of 3-carboxyl- 1-tet- 
ralone (21) with 2 molar equiv of benzylmagnesium 
chloride gave l-benzyl-l-hydroxy-l,2,3,4-tetrahydro-
3-naphthoic acid y-lactone (22)10 and 1-benzyl-1- 
hydroxy-3,4-dihydro-3-naphthoic acid (23). Obvi
ously, the lactone 22 can only be formed via an inter
mediate having the hydroxyl and the carboxyl func
tions cis to each other. When this lactone was reduced 
by treatment with LiAlEL to give 1-benzyl-l-hydroxy-
3-hydroxymethyltetralin (24), we were then able to 
assign the hydroxyl group at Ci and the hydroxymethyl 
group at C3 to be cis to each other.11 Subsequent 
catalytic hydrogenolysis with Raney nickel in ethanol 
gave trans- l-benzyl-3-hydroxymethyltetralin (trans-25), 
in which retention of configuration12 was observed. 
Similarly, catalytic hydrogenolysis with Pd/C  in 
ethanol gave the cis isomer (cis-25) in which the con
figuration at Ci was inverted.12a’13 Tosylation of the 
hydroxyl group and reduction in the last step did not 
affect the stereochemistry at C3.14

Reactions of Benzyltetralins with Aluminum Chlo
ride.—The results of the treatment of 1-benzyltetralin
(5) in CS2 with A1C13 at room temperature with or 
without hydrogen chloride as promoter are listed in 
Table I. 2,3:6,7-Dibenzobicyclo [3.3.1 ]nona-2,6-diene
(13) was formed more rapidly than 1,5-diphenylpentane
(12). Of the numerous low-boiling products, which 
constituted only a minor portion (<5%  of the product), 
the main one was found to be 1-methyltetralin (26). 
Table II  depicts the results of rearrangement of 1- 
benzyl-3-methyltetralin (6, 80% cis, 20% trans) under 
the same conditions. It can be seen that corre
sponding products were formed and that l-methyl-2,- 
3:6,7-dibenzobicyclo[3.3.1]nona-2,6-diene (15) was pro
duced at a faster rate than 2-methyl-1,5-diphenyl
pentane (14). The major low-boiling product (<5%  of 
the product) was identified as 1,1-dimethyltctralin (27). 
In this reaction, an additional feature emerged, namely, 
cis-6 was rapidly converted to trans-6, and this isomeri
zation appeared to proceed faster than the product
forming reaction during the initial stages of the reac
tion.

(8 ) (a) R .  M . R ob erts , G . A . R op p , and O. K . N eville , J . A m e r .  C h e m '  
S o c . } 77, 1764 (1955); (b ) R .  H . R aker and W . W . Jenkins, i b i d . ,  68, 2102 
(1946).

(9) W . F . B eech  and N . L egg , J.  C h e m . S o c . ,  1887 (1949).
(10) T h is illustrates a lon g-k n ow n  case in w hich  a k eto  group  reacts 

faster w ith the G rignard reagent than the carbom eth oxy  or  ca rb oxy l group, 
resulting in  the d irect form ation  o f  a 7 -la cton e i f  the paren t com p ou n d  is a 
7 -k etoca rb oxy lic  acid  or  its ester. F or further exam ples, see C .-E . Low , 
P h .D . D issertation , T h e  U niversity  o f  T exas a t A ustin , A ustin , Texas, 
1970.

(11) (a) H . L . G oering and  C . Serres, Jr., J .  A m e r .  C h e m . S o c . ,  74, 5908 
(1952 ); (b ) R .  G rew e and E . N olte , J u s t u s  L i e b i g s  A n n .  C h e m .,  575, 1 
(1951 ); (c) N . L . D rake and E . H . Price, J .  A m e r .  C h e m . S o c . ,  73, 201 (1951); 
(d ) W . G . B row n  in  R . A dam s, “ O rgan ic R ea ction s ,”  V o l. V , W iley , N ew  
Y ork , N . Y . ,  1951, p  469 ; (e) G . S. D a v y , e t  a l . ,  J. C h e m . S o c . ,  2696, 2702 
(1951); (f) G . S. D a v y , e t a l . ,  C h e m . I n d .  { L o n d o n ) ,  732 (1950 ); 233 (1951).

(12) (a) S. M itsu i, Y . Senda, and K . K on n o , C h e m . I n d .  { L o n d o n ) ,  1354 
(1963 ); (b ) J. C . Sheehan and R . E . Chandler, J. A m e r .  C h e m . S o c . ,  83, 4795 
(1961 ); (c) C . L . A rcus, e t  a l . ,  J.  C h e m . S o c . ,  34 (1955), 1195 (I9 6 0 ), 660 
(1961), 1213 (1963); (d ) D . Y .  C urtin  and S. Schm ukler, J. A m e r .  C h e m .  
S o c . ,  77, 1105 (1955 ); (e) D . J. C ram  and J. A llinger, i b i d . ,  76, 4516 (1954); 
(f)  W . A . B onner, J. A . Z deric, and G . A . C asaletto, i b i d . ,  74, 5086 (1952).

(13) D . L ipkin  and T . D . Stew art, J. A m e r .  C h e m . S o c . ,  61, 3295 (1939); 
Y . P relog  and H . Sherrer, H e lv .  C h im . A c t a ,  42, 2227 (1959).

(14) D . S. N oy ce  and D . B . D en n y , J. A m e r .  C h e m . S o c . ,  72, 5743 (1960); 
D . J. Cram , i b i d . ,  52, 2149 (1952).

T a b l e  I
R eactio n  o f  1-B e n zy l t e t r a l in  (5) w it h  

A lu m in u m  C h l o r id e ®
/---------R ea ction  m ixture com position , % b--------- s

U n 
T im e, changed

C onditions hr 5 12 i s 26

c s 2 1 . 0 91 2 7 Trace,
increased

3.0 80 7 13
8 .0 45 21 34

25.0 18 25 57
56.0 10 18 72

c s 2, 0.5 80 6 14 Trace,
increased

1.5 37 23 40
HC1 gas' 4.0 15 27 58

8.5 8 14 78
“  Reactant ratios, 5: AICI3: CS2 = 5 mmol:2.5 mmol: 10

ml. b Glpc analysis: 5 ft X 0.125 in. (o.d.) SE-30 silicone gum 
rubber (5%) column operated at 220° with N2 carrier gas at 5 psi. 
c HC1 gas was passed gently into the reactants during the first 3 
min.

T a b l e  II
R e a ctio n  o f  1-B e n zy l -3 -m e t h y l t e t r a l in  (6 ) 

w it h  A lu m inu m  C h l o r id e ®
----------R ea ction  m ixtu re com position , % b--------------•

C on d i T im e, c i s - t r a n s -

tions hr 6 6 14 16 27
c s 2 0 . 0 80 20

1 . 0 56 36 3 5 Trace,
increased

3.0 36 43 a 13
8.0 15 28 21 36

25.0 6 10 30 54
56.0 6 8 19 67

c s 2, 0 . 0 80 20
0.5 47 33 9 11 Trace,

increased
HC1 gas' 1.5 13 23 27 37

6.0 5 6 38 51
8.0 4 6 34 56

“ Reactant, ratios, 6 : AlCb :CS2 = 5 mmol : 2.5 mmol : 10
ml. 6 Glpc analysis: 10 ft X 0.125 in. (o.d.) Bentone-34 (5%) 
and SE-52 silicone gum rubber (5%) column operated at 210° 
with N2 carrier gas at 60 psi. c Gentle passage of HC1 gas for the 
first 3 min.

On treating pure cis-6 and trans-6 separately with 
AICI3 under comparable conditions, other interesting 
results became apparent. As is revealed in Table III,

T a b l e  III
R e a ctio n  of cis- and  ¿nms-l-BENZYL-3-METHYLTETRALiN 

(6) w it h  A lu m in u m  C h l o r id e®

Tim e, /-— R ea ction  m ixture com position , % b—
Isom er hr cis-6 t r a n s - 6 14 16

cis -6 2 .0 73 20 Trace 7
4 .0 65 25 2 8

15.5 42 36 6 16
22.0 33 39 7 21
32.0 23 40 7 26

trans-6 2.0 12 83 Trace 5
4.0 18 70 6 6

11.0 20 58 6 16
20.0 15 40 16 30
69.0 4 8 23 65

® Reactant ratios, same as in Table II. b Glpc analysis, same 
as in Table II.
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Scheme I
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cis-6 reacted faster than trans-6, in isomerization and in 
forming the ring-opened product 14 and the bicyclized 
product 15. During the initial stages of reaction, the 
cis-trans interconversion went faster than conversion of 
either isomer to the products. Although the products 
cannot definitely be ascribed to the individual isomers, 
a close examination of Table III suggests that the bi
cyclized product 15 is produced more readily from 
cis-6 than from trans-6. These differences may be 
rationalized by the proposal that hydride abstraction at 
C3 is retarded somewhat in the case of trans-6 by the 
benzyl group. Since the C3 hydrogen and the benzyl 
group are on the same side of the tetralin ring, the 
approach of the catalyst to this hydrogen will be ste- 
rically hindered by the bulky benzyl group, especially 
as the catalyst can complex with the benzene ring.16 
On the other hand, cis-6 not only does not suffer from 
this steric retardation of hydride abstraction, but may 
possibly profit from anchimeric assistance by the ben
zene ring in the removal of the C3 hydride ion when both 
the methyl and the benzyl groups arc situated in axial 15

(15) In  F ried e l-C ra fts  a lkylation  reactions, com plex form ation  betw een 
the catalyst and  the arom atic  substrate has been regarded as a necessary 
step in the substitu tion  reactions. See, for  exam ple, G . A . O lah and M . W . 
M eyer, in G . A . O lah, E d ., “ F ried e l-C ra fts  and R ela ted  R ea ction s ,”  V ol. I, 
Interscience, N ew  Y ork , N . Y .,  1963, p  710 ff.

positions in a half-chair conformation of the tetralin 
ring.16

It was observed that the proportion of the bicyclized 
products 13 and 15 increased throughout the course of 
the reactions (Tables I—III). This is probably due 
to the fact that these compounds do not undergo signifi
cant rearrangement to any of the other compounds ob
served under the same or even more vigorous condi
tions, as was proved in the case of 15 by separate treat
ment. However, the proportion of the ring-opened 
products 12 and 14 was observed to pass through a 
maximum and then decrease (Tables I and II). An 
examination of the separate reaction of 14 with AlCh 
seemed in order. The results as listed in Table IV 
indicate that this compound was converted to cis-6 
and trans-6 or 718 and to l-methyl-2,3:6,7-dibenzo-

(16) I f  the reaction  proceeds v ia  thi3  con form ation , then form ation  o f  the 
b icyclized  p rod u ct  15 b y  the anchim eric assistance o f  the ben zy lic  phen yl 
ring (A 2 6 ) w ith ou t proceeding through the carbon ium  ion  in term ediate (v id e  
i n f r a ) m ay  take place, although steric retardation  o f h ydride  abstraction  
alone is sufficient to  accou n t for the observed  sm all d ifference in reaction  
rates. A n ch im eric assistance o f  the benzene ring to  facilita te  cycliza tion  is 
p rob a b ly  rather im p ortan t in the cyclia lk y la tion  o f  the d iph en yla lk y l ch lo 
rides 1, 2, and 3 reported earlier , 2 ' 8 and there is an a logy  w ith  som e so lv o ly tic  
studies . 17

(17) R . H eck  and S. W instein, J .  A m e r .  C h e m . S o c . ,  79, 314 (1957).
(18) c i s - 6  was resolved from  t r a n s - 6  and 7 b y  the chrom atographic tech 

nique, bu t t r a n s -6  and 7 were n ot resolved.
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T a b l e  IV
R e a c t i o n  o f  2 - M e t h y l - 1 ,5 -d i p h e n y l p e n t a n e  

(14) w i t h  A l u m i n u m  C h l o r i d e «

.-------------R ea ction  m ixture com position , % b—
U n Tetralin

T im e, changed deriva
hr 14 tives0 IS 87

6.0 93 4 3 Trace
1 0 .0 91 5 4

« Reactant ratios, 14:A1C13:CS2 = 5 mmol:2.5 mmol: 10 ml. 
b Glpc analysis: same column and conditions as in Table II.
c Total amount of compounds cis-6 and trans-6 or 7.

bicyclo [3.3.l]nona-2,6-diene (15), but only at a very 
slow rate. The formation of a tetralin from 14 repre
sents the first example of cyclialkylation of a diphenyl- 
alkane by AlCh, to our knowledge.19 Because of the 
experimental difficulty in distinguishing between trans-6 
and 7, it is not certain whether 7 was actually produced 
from 14; however, it would be expected that the tertiary 
hydrogen in 14 would be more easily abstracted than 
the secondary hydrogen, and the cation produced by 
abstraction of the tertiary hydrogen is the one that 
would cyclize directly to 7. It is to be noted that 15 
would result from bicyclization of both 6 and 7.

Because of the uncertainty as to whether 7 was ac
tually produced from 14, 7 was synthesized separately 
and treated with AIC13 under the conditions used with 
14. The results are tabulated in Table V. As de-

T a b l e  V
R e a c t i o n  o f  1 - B ic n z y l - I - m e t h y l t e t r a l i n  (7) 

w i t h  A l u m i n u m  C h l o r i d e “

,---------------- R ea ction  m ixture com position , % b------
Un-

changed
Time,

h r
7 or 

8e 14 i s 87

1 . 0 86 5 9 Trace,

3.0 51 20 29
increased

6.0 39 27 44
10.0 15 32 53

“ Reactant ratios, 7 : Aids : CS2 = 5 mmol: 2.5 mmol: 10 ml. 
b Glpc analysis', same column and conditions as in Table II. 
c Combined composition of compounds 7, cis-6, and/or trans-6.

picted in Table V, compounds 6, 14, 15, and 27 were all 
observed to be produced. The rate of conversion of the 
starting material 7 to the products was considerably 
faster than that of the isomeric compound 6. It is 
especially noticeable that compound 14 produced at a 
remarkably faster rate. This was to be expected, as 
the phenyl-Ci bond would sever readily, since the Ci 
position was tetrasubstituted.20

The major products from the reactions of the 1- 
benzyltetralins 5, 6, and 7 can be accounted for by the 
mechanistic pathways mentioned before. The ring- 
cleaved products 12 and 14 are formed via initial pro
tonation of the tetralin benzene ring, followed by 
cleavage of the phenyl-Ci bond (path A, Scheme II),

(19) C yclia lk y la tion s o f  p h en yla lky l ch lorides,2 d iphenyla lky l ch lorides,2*8 
and phenylalkanols5 have been reported  in previous papers, b u t this is the 
first case in w hich  the reactive  interm ediate in the cyclia lk y la tion  is produced  
b y  h ydride  abstraction  from  a h yd rocarbon  (except, o f  course, in the b i -  
c y c l i d l k y l a t i o n s  reported  here, in w hich the hydrocarbon  is a  tetra lin ).

(20) R . M , R ob erts , E . K . B aylis, and G . J. F onken, J . A m e r .  C h e m . S o c . ,  
85 ,3454  (1968).

S c h e m e  II

R2
5, R1 = R2 = H

a s - 6 )  R R2 „ CH
t r a n s - 6 J

7, R1 *  CH3; R2«H  

path b |-H~

path A R1
+H + DOH+ f t

V R2

13, R‘ = R2 = H 
15, Rl = H; R2 -  CH3

< Q ) - C H 2CHCH2CCH2- < ^ >  

R2 R1

- Î +IT

ch2ch ch2ch ch ;

R2 R1 
12, R' = R2 = H 
14, R1 — H; R2 = CH:

while the bicyclization products 13 and 15 arc formed 
by initial hydride ion abstraction from the alicyclic 
ring, followed by cyclialkylation of the benzyl ring 
(path B, Scheme II).

Consideration of the stoichiometry of path B (— H~, 
— H +) and path A (+ H + , +H ~) of Scheme II would 
seem to indicate that bicydialkylation products (13 or 
15) and ring-cleaved products (12 or 14) should be pro
duced in equal amounts. This was not observed, how
ever, probably because of the disappearance of some of 
the products by means of secondary reactions. It is 
interesting to note that the ratio of ring-cleaved product
(14) to bicyclialkylation product (15) from compound 7 
is about the same as the ratio of the corresponding prod
ucts from compound 6, although a higher proportion 
of ring-cleaved product from 7 might be expected be
cause of the tetrasubstitution at the Ci carbon, which 
should facilitate the cleavage by stabilizing the car
bonium ion.

The formation of the bicyclialkylation products 13 
and 15 could conceivably be initiated by abstraction of 
a hydride ion at any of the four positions in the ali
cyclic ring of the tetralins 5 and 6, followed by intra
molecular hydride shifts to place the positive charge at 
C3. However, in the case of compound 7, the fact that 
there is no hydrogen at C, rules out the possibility that 
initial hydride abstraction at C, is required for bi
cyclialkylation.

It was surprising to find that the rates of disappear
ance of the starting compounds 5 and 6 and the rates of 
formation of products in both cases were similar (Tables 
I and II). Although it might be expected that the 
reactions by path A to form 12 and 14 would be similar, 
since the methyl group at C3 should have little effect on 
the cleavage at Ci, this methyl group would be expected 
to facilitate hydride abstraction at C3. The lack of 
effect may be explained in two ways. The rate-con
trolling step in the reaction of both 5 and 6 may be ab
straction of the benzylic hydride ion at C4, followed by 
a (faster) 1,2 shift of the C3 hydride ion. Alternatively, 
it may be that A1C13 is such a powerful catalyst that it 
levels off the intrinsic difference in the activation
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energy for the abstraction of the secondary and tertiary 
hydrogens at C3.

At first, it was thought that, by assessing the rear
rangement of 1-benzy 1-3,3-dimethyltetralin (8) and 1- 
benzyl-4,4-dimethyltetralin (9), it would.be possible to 
decide the preference of hydride abstraction at position 
3 or 4. The results of such reactions are grouped in 
Table VI. Compound 8 reacted very reluctantly.

T a b l e  VI
B icyclialkylation of 1-Benzyl-3,3-dimethyltetralin 

(8) and 1-Benzyl-4,4-dimethyltetralin (9)“
Reaction mixture 

r—composition, %b,c—»
U n

changed
Hydro Time, starting
carbon Conditions hr material 28

8 c s 2 24.0 97 Trace
56.0 85 7

Sd c s 2 8.Ò 91 2
30.0 56 30

8 c s 2, 4.0 95 Trace
HCl gas' 6.0 90 2

48.0 30 24
9 c s 2 2.0 60/ 4

5.0 44/ 9
18.0 2H 30
29.0 9 48

“ Reactant ratios, hydrocarbon : A1C13:CS2 = 5 mmol : 2.5
mmol: 10 ml unless noted otherwise. 6 Glpc analysis: same 
column and conditions as in Table II. ' The remaining products 
were not identified. d Reactant ratios, 8 :A1C13:CSa = 5 mmol: 
5 mmol: 10 ml. * Gentle passage of HC1 gas during the first 3 
min. f  The starting compound 9 and one of the unidentified 
products were not resolved.

The expected bicyclization product, 1,8-dimethyl- 
2,3:6,7-dibcnzobicyclo[3.3.1]nona-2,6-diene (28), was 
not observed until after 24 hr under the normal reaction 
conditions. Under more severe conditions, compound 
28 was formed more readily, but undesirable polymeric 
side products were formed even more rapidly. Com
pound 9, on the other hand, reacted very rapidly to 
give after 2 hr at least six major products by glpc 
analysis. Although no attempt was made to identify 
each of them, one can speculate that they were largely 
ring-opened as well as bicyclized products. One of 
them, compound 28, was isolated by column chromatog
raphy at the end of the reaction (29 hr), and was found 
to have physical and spectroscopic properties that were 
identical with those of the compound obtained by 
cyclodehydration of 4-benzyl-2,2-dimethyl-l-tetralol.21

The difference in behavior of compounds 8 and 9 in 
forming compound 28 poses a rather puzzling situation, 
because, although both require a 1,2-methide shift, com
pound 9 requires further a 1,2-hydride shift, in order to 
produce the carbonium ion that can bicyclize tò com
pound 28; yet it reacts more readily (Scheme III). 
Since 1,2-hydride shifts normally take place very 
rapidly, the difference would appear to lie in the prefer
ence of the initial hydride ion abstraction. However, 
the hydride abstracted from 8 is a secondary benzylic 
hydrogen, whereas the hydride abstracted from 9 is an 
ordinary secondary hydrogen, which would not be ex-

(21) C .-E . L ow  and R . M . R oberts , J .  O r g . C h e m , 38, 1909 (1973).

Scheme III

8 9

U  b *

|~ c h 3-  |~c h 3-

1

pected to be abstracted as readily, on the basis of the 
energy of the resultant carbonium ion. The only 
plausible explanation remaining would seem to be a 
steric factor in which the methylene hydrogens in 9 are 
more open to attack by catalyst than those in 8, which 
are between the grem-dimcthyl groups and the benzene 
ring.

Experimental Section22 23 24 25

1-Benzyltetralin (5), 1,5-diphenylpenta.ne (12), 2,3:6,7-di- 
benzobicyclo[3.3.1]nona-2,6-diene (13), and 2-methyl-l,5-di- 
phenylpentane (14) were prepared as previously reported.3 1- 
Methyltetralin (26) was prepared by a known procedure.6“ 1- 
Benzyl-l-methyltetralin (7), l-benzyl-4,4-dimethyltetralin (9),
1,1-dimethyl tetralin (27), and l,8-dimethyl-2,3:6,7-dibenzobi- 
cyclo[3.3.l]nona-2,6-diene (28) were synthesized by methods 
described separately.31

1-Benzyl-3,3-dimethyltetralin (8).—4-Benzyl-2,2-dimethyl-l- 
tetralone,33 bp 161-164° (0.25 mm), dissolved in glacial acetic 
acid containing a small amount of 70% HCIO, and 5% Pd/C, was 
subjected to hydrogenation in a Parr apparatus at an initial pres
sure of 60 psi. After the required amount of hydrogen had been 
taken up, the product mixture was worked up in the usual way, 
yielding a very viscous oil: bp 114-116° (0.2 mm); nud 1.5618; 
ir compatible with assigned structure; nmr (60 MHz, CC1*) 8 
0.82 (s, 3, methyl), 0.98 (s, 3, methyl), 1.05-1.55 (m, 2, methy
lene), 2.23-2.67 and 2.94-3.46 (overlapping ABX and AB pat
terns, 5, benzylic), and 6.87-7.45 ppm (m, s at 7.10, 9, aromatic); 
mass spectrum m/e (rel intensity) 250 (2), 159 (100), 91 (12).

A n a l. Calcd for CmH22: C, 91.14; H, 8.86. Found: C, 
90.97; H, 8.90.

3-Methyl-l-tetralone (16) was synthesized according to a liter
ature procedure.34 The Grignard reaction of this compound 
with benzylmagnesium chloride35 gave l-benzyl-3-methyl-l- 
tetralol (17) as a slightly greenish, viscous oil: bp 128° (0.02 
mm); n MD 1.5814; nmr (60 MHz, CC14) 8 0.86 (d, 3, J  — 6.0 
Hz, methyl), 1.15-3.05 (m, 5, alicyclic), 2.45 (apparent s, 1,

(22) AH tem peratures are uncorrected . Ir spectra  w ere recorded  on  a 
B eckm an IR -5 A  instrum ent; nm r spectra  w ere taken w ith  a Varian A -60  
or a V arian H A -100  instrum ent, using T M S  as internal standard ; m ass 
spectra  w ere taken w ith a C E C  21—49 instrum ent operated a t 70 eV .

(23) R .  M . R ob erts  and C .-E . Low , paper in  preparation .
(24) F . W eygan d  and K . Schröder, B e r . ,  74, 1844 (1941).
(25) F . E . Zim m erm ann, F . H . Owens, and P . R . Fellm ann, J .  O r g . C h e m .,  

38, 1808 (I9 60).



hydroxy, exchangeable with D20 ), 2.82 (s, 2, benzylic), and 
6.86-7.50ppm (m, 9, aromatic); ir tw  3560, 3450 cm-1.

l-Benzyl-3-ntethyl-l-tetralol (17, mixed isomers) was sub
jected to hydrogenolysis in glacial acetic acid containing a small 
amount of perchloric acid, using 5% Pd/C at an initial hydrogen 
pressure of 60 psi. l-Benzyl-3-methyltetralin (6 ) was obtained 
in quantitative yield as a viscous oil: bp 115-116° (0.2 mm); 
n23D 1.5694; nmr (60 MHz, CC1<) 5 0.92 and 0.98 (two doublets 
in 4:1 ratio, 3 H total, J  =  6 .8  Hz, methyl), 1.25-3.45 (m, 8 , 
alicyclic and benzylic), and 6.90-7.30 ppm (m with sharp peak 
at 7.12, 9, aromatic). The ratio of doublets at 0.92 and 0.98 
ppm indicated an 80:20 ratio of cis-6 : trans-6 (see nmr of authen
tic cis-6  and tra m -6 below). This product was used as starting 
material in the reaction, yielding the results presented in Table
II.

The individual diastereoisomeric alcohols, cts-17 and irans-17, 
were separated by repeated column chromatography using a 110 
X 3 cm column filled with silica gel (E. Merck, type G, pH 7) 
with benzene as eluent, the unwanted fractions being discarded. 
The trans isomer was eluted first. The separated oily isomers 
exhibited the following spectroscopic properties: cis-VJ, nmr
(60 MHz, CC14) 8 0.95 (d, 3, J  =  6  Hz, methyl), 1.90 (s, 1, 
hydroxy), 1.10-2.75 (m, 5, alifayclic), 3.05 (AB pattern, 2, /  = 
13 Hz, exocyclic benzylic), and 6.80-7.60 ppm (m, 9, aromatic); 
ir voh 3600 (sh), 3500 cm-1; fraws-17, nmr (60 MHz, CC1<)
5 1.00 (d, 3, J  = 6.0 Hz, methyl), 1.50 (s, 1, hydroxy), 1.1-3.1 
(m, 7, alicyclic and benzylic), and 6.80-7.60 ppm (m, 9, aro
matic); ir »2™, 3600 (sh), 3500 cm-1. Although the spectra of the 
two isomers were quite similar, dissimilarities were noted at 1274, 
1015, 995, and 926 cm-1 and in the region 775-665 cm“ 1. The 
tic chromatograms of the two isomers also showed slightly dif
ferent iRf values.

Separate samples of cis-17 and trans-17 were subjected to 
hydrogenolysis as described above. The products were identical 
in their spectroscopic properties and chromatographic behavior 
with authentic cis-6  and trans-6, respectively, prepared as 
described below according to Scheme I.

Phenylitaconic acid (18),7 mp 183-186°, benzylsuccinic acid
(19),7 mp 155-159°, benzylsuccinic anhydride (2 0 ),8 mp 95-97°, 
and 3-carboxy-l-tetralone (21) ,7 mp 144-146°, were obtained 
following the literature procedures.

Grignard Reactions of 3-Carboxy-l-tetralone (21) with 2 Molar 
Equiv of Benzylmagnesium Chloride.—To a suspension of 19.0 g 
(0.10 mol) of finely powdered 3-carboxy-l-tetralone (21) in 250 
ml of dry ether, a solution of benzylmagnesium chloride prepared 
from 27.9 g (0.22 mol) of magnesium turnings was added at room 
temperature. The reaction was allowed to proceed for 2 hr and 
was then poured on ice-HCl (5%), whereupon a crystalline mass 
was obtained. Fractional crystallization from ethanol gave 10.6 
g (40%) of l-benzyl-l-hydroxy-l,2,3,4-tetrahydro-3-naphthoic 
acid 7 -lactone (22): mp 180-182.5°; nmr (60 MHz, CDC13) 
8 1.8-2.4 (m, 2, methylene), 2.7-4.1 (m, 6 , benzylic), and 7.0-
7.6 ppm (m, 9, aromatic); ir »c-o 1780 cm“ 1 (5-ring lactone), 
no OH; mass spectrum M +264.

A n al. Calcd for C18H16O2: 0,81.82; H, 6.06. Found: C, 
81.80; H, 5.99.

The mother liquors were evaporated and the residue was re
crystallized from benzene-cyclohexane, yielding 4.75 g (18%) of
l-benzyl-3-carboxy-3,4-dihydronaphthalene (23): mp 130-132°;
nmr (60 MHz, CDCb) 8 2.8-3 .6 (m, 3, endocyclic benzylic and 
Cs methinyl), 3.82 [s (broad), 2 , exocyclic benzylic], 5.92 [d 
(broad), 1, J  = 3 Hz, olefinic], 6 .9-7.5 (m, 9, aromatic), and
9.75 ppm [s (very broad), 1, carboxylic].

1 -Benzyl- l-hydroxy-3-hydroxymethyl-1,2,3,4-tetrahydronaph- 
thalene (24).—To a suspension of 3.70 g (0.014 mol) of lactone 22 
in 50 ml of THF, 400 mg (0.01 mol) of LiAlTf, was added. The 
mixture was heated to reflux for 12 hr and then poured into 200 
ml of 10% aqueous HC1 solution. The crystals thus obtained 
were collected and recrystallized from ethanol, yielding 3.23 g 
(8 6%) of 24, mp 201-203°. Both 22 and 24 were very sparingly 
soluble in THF. The best technique for this reduction was to 
add lactone 22 via a Soxhlet extractor to a suspension of LiAlHj 
in THF. Compound 24 was too insoluble in common solvents to 
enable the taking of its nmr spectrum: ir »on 3350 cm-1 (strong), 
no C = 0 ; mass spectrum 250 (M + — 18) (loss of water) . 26
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(26) H . B u dzik iew icz, C . D jerassi, and D . H . W illiam s, "In terp reta tion  
o f  M ass Spectra o f  O rganic C om p ou n d s,”  H o ld en -D a y , San Francisco, 
C alif., 1964, p 110.

A n al. Calcd for CisHajCh: C, 80.60; H, 7.46. Found: 
C, 80.43; H, 7.53.

/raras-l-Benzyl-3-hydroxymethyl-l,2,3,4-tetrahydronaphthalene
(frans-25).—A suspension of 795 mg (0.003 mol) of compound 
24 in boiling ethanol together with approximately 10 g of freshly 
prepared Raney nickel was shaken for 24 hr. The catalyst was 
filtered off, the ethanol was evaporated, and the solid residue 
was recrystallized twice from petroleum ether (bp 30-60°), 
giving 650 mg (84%) of trans-25: mp 79°; nmr (100 MHz, 
CCU) 8 1.0-3.2 (m, 7, alicyclic and methylenic), 3.40 (d, 2, J  =
6.0 Hz, benzylic), 6 .8-7.3 ppm (m, 9, aromatic); ir »oh 3250, 
3325 cm-1 (sh); mass spectrum M+ 252.

A n al. Calcd for C18H,0O: C, 85.71; H, 7.93. Found: C, 
85.93; H, 7.95.

cis-l-Benzyl-3-hydroxymethyl-l ,2,3,4-tetrahydronaphthalene
(cis-25).—A 950-mg (0.0035 mol) sample of 24 was hydrogenated 
catalytically with Pd/C in ethanol under a pressure of 25 psi 
for 12 hr. After removal of the catalyst and evaporation of the 
solvent, the solid residue was recrystallized from petroleum ether 
to give 490 mg (55%) of cis-25: mp76°; nmr (100 MHz, CDCls)
8 0.8-3.6 (m, 11, alicyclic, benzylic, methylenic, and hydroxylic) 
and 7.0-7 .6 ppm (m, 9, aromatic); ir »oh 3350 cm-1; mass 
spectrum M+ 252. A mixture of cis-25 and trans-25 began melt
ing at ca. 56°.

A n al. Calcd for Ci8H20O: 0,85.71; H, 7.93. Found: C, 
85.49; H, 8.14.

¿rans-l-Benzyl-3-methyltetralin (tran s-6).—To 250 mg (0.001 
mol) of irans-25 in 30 ml of dry pyridine was added at 0° 275 mg 
(0.0015 mol) of p-TsCl in 10 ml of dry pyridine. The mixture 
was allowed to warm slowly to room temperature and was stirred 
overnight (ca . 14 hr). The reaction mixture was then poured 
into water, whereupon the tosylate was obtained as an oil that 
did not crystallize. It was taken up in ether and dried thor
oughly with MgSO,. Then 40 mg (0.001 mol) of LiAlHj was 
added to the ethereal solution and the mixture was refluxed for 
2 hr, poured into 10% HC1 solution, and extracted with ether. 
The resulting hydrocarbon, trans-6 (65% yield), was identical in 
properties with the product obtained from catalytic hydrogenoly
sis of trans-17 (vide su p ra ): nmr (100 MHz, CC14) 8 1.02 (d, J  =
7.0 Hz, 3, methyl), 1.10-3.20 (four sets of multiplets, 8 , ali
phatic), and 6.90-7.50 ppm (m,9, aromatic); nmr (pyridine) 80.91 
(d, J  =  7.0 Hz, 3, methyl), 1.00-3.40 ppm (four sets of multi
plets, 8 , aliphatic).

A n al. Calcd for Ci8H2o: C, 91.47; H, 8.53. Found: C, 
91.29; H, 8.61.

cis-l-Benzyl-3-methyltetralin (cis-6 ).—This compound was ob
tained in like manner from cis-25  in 58% yield. Its properties 
were identical with those of the product obtained by catalytic 
hydrogenolysis of cis-17 (vide su pra ): nmr (100 MHz, CC1<) 
8 0.97 (d, J  = 7 Hz, 3, methyl), 1.10-3.50 (four sets of m, 8 , 
aliphatic), and 6.90-7.50 ppm (m, 9, aromatic); nmr (pyridine) 
8 0.83 (d, J  = 7.0 Hz, 3, methyl) and 1.00-4.00 ppm (four sets 
of m, 8 , aliphatic).

These pure isomers were used as starting materials in the ex
periments described in Table III .

Reactions of the Arylalkyl Hydrocarbons with A1C13.—In a 
small flask was placed 5 mmol of the hydrocarbon dissolved in 
10 ml of CS2, and then 2.5 mmol of AICI3 was added to the 
magnetically stirred solution at room temperature. At various 
time intervals, approximately 0.5 ml of the reaction mixture was 
withdrawn with a pipet and decomposed at once in a small vial 
containing about 1.5 ml of cold water. The organic layer was 
taken up in ether, which was concentrated, and the residual liquid 
was analyzed by glpc. The identification of the products was 
accomplished by comparing their chromatographic behavior with 
those of the authentic samples in the following columns: ( 1)
6 ft X 0.25 in., SE-30 silicone gum rubber (30%) operated at 220° 
with helium carrier gas at 40 psi; (2) 6 ft X 0.25 in., Cyanosilicone 
(30%) operated at 160° with helium carrier gas at 35 psi; (3) 6 
ft X 0.125 in., DEGA (15%) operated at 220° with nitrogen 
carrier gas at 40 psi; and (4) 10 ft X 0.125in., Bentone-34 (5%) 
and SE-52 silicone gum rubber (5%) operated at 210° with 
nitrogen carrier gas at 60 psi.

With HCl-gas promotion, a three-necked flask equipped with a 
reflux condenser carrying a CaCl2 tube, and an HCl-gas inlet 
was used. The addition of AICI3 and the introduction of HC1 
gas was timed to take place simultaneously.

The results of the reactions of compounds 5, 6 (mixed isomers), 
cis-6 , trans-6, 14, 7, 8 , and 9 are listed in Tables I-VI.

R oberts, Bantel, and L ow
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Registry No.—5, 38899-49-9; cis-6, 38899-12-6; 
trans-6, 38899-13-7; 7, 38899-57-9; 8, 38899-58-0; 9, 
38899-51-3; 14, 31444-36-7; 16, 14944-23-1; m-17, 
38899-14-8; trans-17, 38899-15-9; 21, 6566-40-1; 22,

38899-40-0; 23,38899-41-1; 24,38974-14-0; trans-25. 
38899-10-4; cis-25, 38899-11-5; aluminum chloride, 
7446-70-0; 4-benzyl-2,2-dimethyI-l-tetralone, 38899-
42-2; benzyl chloride, 100-44-7.
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Treatment of 4-benzyl-l-tetralol (9) with concentrated sulfuric acid resulted in the formation of 2,3:6,7- 
dibenzobicyclo[3.2.2]nona-2,6-diene (12) in high yield. By the same process, l-methyl-2,3:6,7-dibenzobicyclo-
[3.3.l]nona-2,6-diene (13) and l,8-dimethyl-2,3:6,7-dibenzobicyclo[3.3.1]nona-2,6-diene (14) were obtained 
from 2-methyl-4-benzyl-l-tetralol (10) and 2,2-dimethyl-4-benzyl-l-tetralol (11), respectively. The behavioral 
difference of these homologous 4-benzyl-1-tetralols is discussed from the standpoint of the relative stability of 
carbonium ion intermediates. In the presence of AICI3, compound 12 rapidly rearranged to 1-benzyltetralin
(23) and 2,3:6,7-dibenzobicyclo[3.3.l]nona-2,6-diene (16). The mechanistic implications are discussed in light 
of thermodynamic stability of the compounds. Some examples of the cyclodehydration of tertiary 4-phenyl- 
alkanols to tetralins are given which illustrate the synthetic utility of this reaction.

The strong protonic acid induced cyclodchydration 
of phenylalkanols, whereby condensed aromatic com
pounds are produced, has been the subject of very 
intensive investigation, resulting in voluminous reports 
in the literature.2 In contrast, formation of bridged 
polycyclic compounds by the same process has not 
received much attention. Several groups of investiga
tors have reported the production of benzobicyclo- 
[3.3.1 jnonenc systems (2, n = 1) when simple or 
substituted phenylcyclohexylcarbinols (1, n = 1,
OH at the a position), or benzylcyclohexanols (1, 
n =  1, OH at position 1, 2, or 3), or the corresponding 
olefins were subjected to treatment of strong acids 
(eq 1, n =  l ) .3 Analogously, cyclization of phenyl-

3
Y = H, CH, 
n =  0, 1

cyclopentylcarbinol (1, n = 0, OH at the a position), 
or the benzylcyclopentanols (1, n = 0, OH at position

(1) (a) P a rt X X X  o f  th e  series “ N ew  F ried e l-C ra fts  C h em istry .”  P art
X X I X :  R . M . R ob erts , K .-H . Bantel, and C .-E . L ow , J .  O r g . C h e m .,  38, 
1903 (1973). (b ) G enerous su pport o f  this research b y  the R o b e rt  A . W elch
F ou ndation  is g ra tefu lly  acknow ledged.

(2) L . R . C . B a rc la y  in G . A . Olah, E d ., “ F r ied e l-C ra fts  and R ela ted  
R ea ction s ,”  V o l. I I , Interscience, N ew  Y ork , N . Y . ,  1964, p  816 ff.

(3 ) (a) J. W . C o o k  and C . L . H ew ett, J .  C h e m . S o c . ,  62 (1936 ); (b )
A. A . L . Challis and G . R . Clem o, i b i d . ,  1692 (1947); (c) J. C . Bardhan
and R . C . B anerjee, i b i d . ,  1809 (1956); (d) U. R . G hatak and J. Ç hakravarty,
T e t r a h e d r o n  L e t t . ,  2449 (1966),

1 or 2), or the corresponding olefins gave benzobicyclo-
[3.2.1]octenes (2,n  =  0 ,e q l ) .4 * In all these cases, the 
bridged polycyclic compounds formed have a new six- 
membercd ring fused onto the original compound, 
indicating a marked tendency for the formation of a 
six-membcred ring, rather than a smaller one, in the 
cyclization process.8 These bridged polycyclic com
pounds are relatively less strained6 compared to 
hydrofluorene derivatives (3. n =  1) or benzobicyclo-
[3.3.0]octene derivatives (3, n = 0).7 Recently, a 
bridged polycyclic system has been produced by the 
action of concentrated sulfuric acid on the acetal 4, 
giving isopavine (5) (eq 2).8 On the other hand, the 
acetals 6 and 7, although structurally similar to 4, 
reacted to give papaverine (8) (eq 3).9

In our earlier communications, we described the 
cyclodehydration of some phenylalkanols and di- 
phenylalkanols, whereby indans and tetralins were pro
duced.10 In continuation of our investigation in this 
series, we have now chosen to study the behavior of 
some 4-benzyl-1-tetralols in strong protonic acids, 
expecting them to cyclize to bridged polyclic products, 
some of which we have already obtained in other 
work.8'11

(4) L . H . G rove  and G . A . Sw an, J .  C h e m . S o c . ,  871 (1951).
(5) Studies on  other system s have l e i  t o  the sam e con clu sion ; c f .  R . M . 

R ob erts , G . P . A nderson, Jr., A . A . K ta la f ,  and C .-E . L ow , J . O r g . C h e m .,  

36, 3342 (1971).
(6) (a) E . L . E lic l, “ S tereochem istry  o f  C a rb on  C om p ou n d s,”  2nd  ed,

M cG ra w -H ill, N ew  Y ork , N . Y .,  1962, p  296 ; (b ) W . A . C . B row n, G .
E g lin ton , J. M artin , W . Parker, and G  A . Sim , P r o c .  C h e m . S o c .  { L o n d o n ) ,  

57 (1964).
(7) (a) M . H anaek, “ C on form ation a l T h e o ry ,”  A cad em ic Press, N ew  

Y ork , N . Y . ,  1965, p  173; (b ) reference 6a, p 274.
(8) (a) E . W aldm an n  and C . C hw ala, J u s t u s  L i e b i g s  A n n .  C h e m . ,  609, 

125 (1957 ); (b ) A . R . B a ttersby  and D . A . Y eow ell, J .  C h e m . S o c . ,  1988 
(1958).

(9) (a ) P . Fritsch , J u s t u s  L i e b i g s  A n n .  C h e m .,  329, 37 (1 903 ); (b ) E .
Schlittler and J. M uller, H e lv .  C h im . A c t a ,  31, 914 (1948).

(10) (a) A . A . K h a la f and R . M . R ob erts , J .  O r g . C h e m .,  in press; (b ) 
A . A . K h a la f an d  R . M . R ob erts , i b i d . ,  36, 1040 (1971 ); (c ) A . A . K h a la f 
and R . M . R ob erts , i b id . ,  34, 3571 (1969).

(11) R . M . R ob erts , K .-H . Bantel, and C .-E . L ow , J .  O r g . C h e m .,  in 
press.
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(2)

5

Results and Discussion

The reaction of 4-benzyl-l-tetralol (9) in sulfuric 
acid or phosphoric acid resulted in the isolation of a 
crystalline product. Its spectroscopic and physical 
properties were not consistent with those expected for 
2,3:6,7-dibenzobicyclo[3.3.1 ]nona-2,6-diene (16),6'11’12 
or tetrahydro-l,2-benzofluorene (15),12 but could be 
ascribed to 2,3:6,7-dibenzobicyclo[3.2.2]nona-2,6- 
diene (12) (eq4).13

In sulfuric acid, 2-methyl-4-benzyl-l-tetralol (10) 
cyclodehydrated to give l-methyl-2,3:6,7-dibenzobi- 
cyclo[2.2.l]nona-2,6-diene (13) (eq 5). Compound 
13 was previously obtained when 3-methyl-1-benzyl- 
tetralin was cyclialkylated with AlCh6,11 and when
l-chloro-2-methyl-4,5-diphenylpentane was treated 
with AlCl3.ii 2,2-Dimethyl-4-benzyl-l-tetralol (11) was 
converted to l,8-dimethyl-2,3:6,7-dibenzobicyclo- 
[3.3. l]nona-2,6-diene (14) under the same conditions 
(eq 6). Compound 14 was also formed from 3,3- 
dimethyl-l-benzyltetralin and 4,4-dimethyl-l-benzyl- 
tetralin upon treatment with AICI3.11

Undoubtedly, the products of these reactions are 
formed via carbonium ion intermediates. From 9,
4-benzyl- 1-tetralyl cation 17 is produced, which 
cyclizes directly to give a seven-membered ring system,
12. In the latter two cases, however, the initially 
formed 1-tetralyl cations 18 and 19 undergo 1,2 shift of a

(12) H . Stetter and A . R eich l, B e r . ,  93, 791 (1960).
(13 ) T h is  com p ou n d  (12) w as obta ined  in  a qu ite  different w ay  b y  E .  M . 

C ioranescu , M . B anciu , R . Jelescu, M . R en tzea , M . E lian, and C . D . 
N enitzescu , R e v .  R o u m .  C h i m . ,  14, 911 (1969).

hydride or a methide ion to give the 2-tetralyl cations 
21 and 22, which then cyclizc to form six-membered 
bicyclic systems, 13 and 14, respectively.

It was surprising to observe that compound 9 did 
not follow the pattern of reaction of the other homologs, 
even though a seven-membered ring nitrogen analog 
of 12 had already been reported.8 The key to the 
solution of this puzzle lies in the carbonium ion inter
mediates involved. Species 17, 18, and 19, having the
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charge in a benzylic position, and species 21 and 22, 
being tertiary and therefore stabilized by hypercon
jugation, all possess a high degree of stability. How
ever, species 20, which would be produced from 17 by 
a 1,2-hydride shift, would be less stable than 17, 
since the charge would no longer be stabilized by the 
benzene ring. As a result, direct cyclization to the 
seven-membered ring system takes place.

It will be noted that direct cyclization to the seven- 
membered ring system can also take place in the case of 
18, but the fact that no such product is observed in
dicates that this process is unfavorable and that a
1,2-hydride shift takes place. Again, direct cycliza
tion in the case of 19 is unfavorable because of the 
steric hindrance imposed by the yem-dimothyl groups, 
which makes it difficult for the benzylic carbon to 
approach the reaction site.

The above argument is supported by the observa
tion that formation of compound 13 was much faster 
than that of either 12 or 14, the last being especially 
slow. This not only bears out the fact that the 1,2 
shift of a hydride ion is faster than that of a methide 
ion,14 but also that the formation of a six-membered 
ring is much favored.6 Since direct cyclization of 
species 19 is not feasible because of the steric factor 
and yet this carbonium ion possesses a high degree 
of stability, there is ample time for a 1,2-methide shift to 
form 22, which, upon cyclization, forms compound 14.

It is expected that a pair of diastereoisomers of 14 
should be formed by the cyclodehydration of com
pound 11. However, the only available data bearing 
on this point is the nmr spectrum of 14. This indicated 
that the two methyl groups produce a singlet and a 
doublet, respectively, and the bridge methylene pro
tons form an AB pattern (the high-field half being 
simple while the low-field half is complex). The 
benzylic and aromatic protons produced complex 
resonance peaks (see Experimental Section). As
suming that the methyl groups of the diastereoisomers 
should exhibit different chemical shifts, being under 
different environmental influence, the spectrum ob
tained clearly indicates that only one of the diastereo
isomers was produced. Thus, we speculate that a
1,3 fusion of a chair-chair conformation, with the 
bridgehead methyl group fixed at an equatorial posi
tion and the other methyl group pseudoaxial (i.e., 
the methyl groups cis to each other) should be the 
energetically preferred conformation, on the basis of 
both an examination of a molecular model and con
sideration of the stereochemical course of reaction.

Regarding the assigned structure of compound 12, 
another piece of good evidence is provided by its be
havior in the presence of AlCh. When this compound 
was stirred with 0.5 molar equiv of AlCh and the reac
tion was followed by occasional withdrawal of a small 
quantity of the reaction mixture, quenching with water, 
and injection of the organic material into a gas chro
matograph, it was found that compound 12 was com
pletely disintegrated within 2 hr, with the concur
rent production of 1-benzyltetralin (23), 2,3:6,7-di- 
benzobicyclo[3.3.l]nona-2,6-diene (16), and a small 
quantity of 1,5-diphenylpentane (24), plus a trace 
amount of 1-methvltetralin (25). Subsequent reac

(14) G. W. Wheland, “ Advanced Organic Chemistry,” 3rd ed, Wiley,
New York, N. Y., 1960, p 591.

tion was undoubtedly due to the rearrangement of 1- 
benzyltetralin (23) by AlCh, which we have studied 
before.11 The complete results are shown in Table I.

T a b l e  I
R e a r r a n g e m e n t  o f

2 , 3 : 6 , 7 - D i b e n z o b i c y c l o [ 3 .2 .2 ] n o n a - 2 ,6 - d i e n e  ( 1 2 )  i n  
AlCls a t  R o o m  T e m p e r a t u r e “

■Product com position  % 1 -

Tim e
hr

U n
changed
starting
m aterial 16 23 24 25

0.5 46 25 29 Trace Trace
1 . 0 12 58 30 Trace Trace
2.0 0 77 21 2 Trace
4.0 0 80 17 3 Trace

* Reactant ratios: 12: AlCh ::CS„ == 5 mmo! :2.5 mmol: 10
m l.  b iGlpc analysis: 10 ft X 0.125 in. (o.d.) alu:.unum column
impregnated with Bentone-34 (5%) and SE-52 silicone gum 
rubber (5% ) operated at 210° with Nj carrier gas at 60 psi.

This rearrangement is significant in that it provides 
direct evidence for the fact that a seven-membered 
ring (benzosuberane) cannot survive Friedel-Crafts 
alkylation conditions,16 and that the assigned struc
ture of 12 is correct.

Mechanistically, the reaction can be formulated as 
depicted in Scheme I. Protonation of a benzo ring,

12

25

S c h e m e  I

20

RH

16

followed by opening of the seven-membered ring 
(dealkylation16), gives the 4-benzyl- 1-tetralyl cation 
17, which can either pick up a hydride ion to form 1- 
benzyltetralin (23) or undergo a 1,2-hydride shift 
to form 4-benzyl-2-tetralyl cation 20, which then pro
ceeds to cyclize to form 2,3:6,7-dibenzobicyclo [3.3.1]- 
nona-2,6-diene (16).

Since compound 16 is produced in an appreciable 
quantity right from the beginning of the reaction, the
1,2-hydride shift that converts 4-benzyltetralyl cation 
17 to 20 must be very efficient, and direct cyclization 
of intermediate 20 to the bicyclization product 16 
must take place rapidly. The behavior is therefore 
contrasted sharply with that of the carbonium ion 
in sulfuric acid, wherein only species 17 exists (vide 
supra) . This indicates that the nature of the catalytic 
effect of A1C13 and sulfuric acid is very different. The 
fact that species 20 exists only in AICI3 even though it

(15) Studies on  other system s have also led to  this con clu sion ; see (a) 
L . R . C . B arclay , B . A . G inn, and C . E . M illigan , C a n .  J .  C h e m .,  42, 5 7 9  
(1964 ); (b ) reference 2, p  932; (c) reference 5.

(16) R . M . R oberts , E . K . B aylis, and G . J. Fon ken , J ■ A m e r .  C h e m . S o c . ,  

86, 3454 (1963).
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is much less stable than the benzylic cation 17, con
firms that AlCls is a very strong acid,17 18 for it is only 
in this strong Lewis acid medium that a less stable 
carbonium ion species can exist to the extent that a 
thermodynamically more stable compound can form 
from it. We have previously reported that A1C13 
is so strong a Lewis acid that it “ levels off”  the intrinsic 
difference in the ease of abstraction of a secondary 
and a tertiary hydride.1“

The driving force for the rearrangement of compound 
12 to compound 16 is release of strain.18 Although a 
Dreiding model does not indicate severe angle strain, 
the cumulative effect of the boat conformation of the 
six-membered ring, the torsional strain of the bridge
head carbons, and the slight angular strain of the 
seven-membered ring probably accounts for its ob
served instability to A1CL treatment. On the other 
hand, compound 16 can easily assume a pseudo
chair-chair conformation, which approximates a dia- 
mondoid structure.

The formation of compound 12 in sulfuric acid 
effected cyclodehydration of 4-benzyl-l-tetralol (9) 
and the rearrangement of it in A1C13 to compound 16 
serve to illustrate a distinctive difference in the catalytic 
power between sulfuric acid and AlClg. It has been 
estimated that the Friedel-Crafts conjugate acid is 
105 times more acidic than 100% sulfuric acid.19 The 
latter, being of the Brpnsted-Lowry type, can func
tion only through its ability to supply a proton, while 
the former can function, in addition to this,20 as a 
hydride ion abstractor. This difference in properties 
accounts for their difference in activities. It also 
explains why only the more thermodynamically stable 
products can be formed in AICI3.21

We have made good use of the fact that tetralin 
ring formation is facilitated over that of smaller or 
larger ring size in synthesizing polycyclic compounds.6'10 
In particular, the cyclodehydration process has en
abled us to synthesize a number of tetralin derivatives 
needed in connection with studies which will be pub
lished separately.1“'10 Thus, 2-methyl-5,6-diphenyl-
2-hexanol (29) cyclodehydratcd to give only 1-benzyl
4.4- dimethyltetralin (30). No l,l-dimethyl-4-phenyl- 
benzosuberane was detected. Similarly, 2-methyl-
1.5- diphenyl-2-pentanol (31) gave 1-benzyl-l-methyl- 
tetralin (32), 2-methyl-5,5-diphenyl-2-pentanol (33) 
gave 1,1-dimethy 1-4-phenyl tetralin (34), and 2-methyl-
5-phenyl-2-pentanol (35) gave 1,1-dimethyltetralin 
(36). The starting compounds exhibit a common 
feature; namely, they all are tertiary carbinols having 
a phenyl group at the 4 position. Therefore, these

(17) T h e  princip le is w ell docum ented  th at a less stab le carbon ium  ion , 
i . e . ,  a h igh ly  e lectroph ilic  species, can surv ive  on ly  if  it  is in a progressively 
stronger acid ic m edium . Thus, carbon ium  ions o f  very  short half-life can 
be m ade stab le in superacid  m edia. See (a) G . A . O lah, e t  a l . , reports 
appearing in J .  A m e r .  C h e m . S o c .  since 1965; (b ) It. J. G illespie and T . E . 
Peel, in V . G o ld , E d ., A d v a n .  P h y s .  O r g . C h e m .,  9 , 1 (1971).

(18) O ther studies in  w hich  a release o f  strain was observed  in A lC ls-
ca ta ly zed  reactions are fou n d : (a) P . v . R . Schleyer and M . M . D onaldson , 
J .  A m e r .  C h e m . S o c . ,  82, 4645 (1960); (b ) H . Stetter and P . G oebel, B e r . ,  
96, 550 (1963 ); (c ) H . W . W h itlock , Jr., and M . W . Siefken, J .  A m e r .

C h e m . S o c . ,  90 , 4929 (1968 ); (d) L . A . P aquette, G . V . M eehan, and S. J. 
M arshall, i b i d . ,  91 , 6779 (1969).

(19) G . A . O lah in G . A . Olah, E d ., “ F riede l-C ra fts  and R ela ted  R e a c 
t ion s ,”  V ol. I , Interscience, N ew  Y ork , N . Y ., 1963, p  880.

(20) I t  has been well docu m en ted  th at this ca ta ly tic  capab ility  o f  A1C1? 
appears o n ly  w hen it  is s lightly  m oistened , b u t under m ost circum stances, 
m oisture can n ot be com p lete ly  excluded  from  AICI3 . See ref 19, p  207.

(21) O ur studies o f  the F riedel-C ra fts  ca ta lyzed  rearrangem ents o f
alkylbenzenes lead us to  the sam e conclusion.

reactions may proceed through a rather stable tertiary 
carbonium ion intermediate and cyclize to a substituted 
tetralin.

Experimental Section22 22 23 24 25 26
2,3:6,7-Dibenzobicyolo[3.3.l]nona-2.6-diene (16), 1-benzyl- 

tetralin (23), and 1,5-diphenylpentane (24) were prepared as 
previously described.6 1-Methyltetralin (25) was prepared by a 
known procedure.100

Synthesis of 4-Benzyl-l-tetralols.—4-Benzyl-l-tetralone,23 4- 
benzyl-2-methyl-l-tetralone,23 or 4-benzyl-2,2-dimethyl-l-tetra- 
lone23 (0.03 mol) was dissolved in 100 ml of methanol in a flask 
equipped with a thermometer, a reflux condenser and a magnetic 
stirrer. The contents were cooled in an ice bath, and 0.015 mol 
of NaBH, was added portionwise, while the temperature was 
kept at or below 22°. The reaction mixture was stirred at room 
temperature for 3 hr after addition. The solvent was then dis
tilled away and the remaining slurry was extracted with ether, 
washed, dried, and concentrated to give 90% yield in each case 
of the benzyltetralols.

4-Benzyl-l-tetralol (9) had mp 98-100° [lit.24 bp 185° (0.5 
mm]; ir >v“Lo1 3300, 1470, 1065 c m 1; nmr (60 MHz, CDCls)
8 1.54-1.95 (m, 4, CH2CH2), 2.55 (s, 1, OH), 2.63-3.30 (m, 3, 
benzylic), 4.65 (t, J  =  6.0 Hz, 1, CH), 7.20 (m, 8, aromatic), 
and 7.33-7.55 ppm (m, 1, aromatic); mass spectrum m/e (rel 
intensity) 238 (10), 221 (87), 220 (29), 147 (46), 129 (100), 117
(33), 91 (88), 77 (14); mass, ealed for C„H180 , 238.1358 (found, 
238.1365).

4-Benzyl-2-methyl-l-tetralol (10) was a very viscous oil: bp
125-128° (0.02 mm); n 23D 1.5847; ir » 1 "  3350, 1470, 1040 cm "1; 
nmr (100 MHz, CDC13) 8 1.02 (d, J  = 6.8 Hz, 3, CH,), 1.28-2.00 
(m, 3, CHCH2), 2.40-3.40 (m, 4, benzylic and OH, the OH at
2.70 is exchangeable with D20), 4.10-4.40 (m, 1, benzylic), 
6.96-7.28 (m, 8, aromatic), and 7.33-7.60 ppm (m, 1, aromatic); 
mass spectrum m/e (rel intensity) 234 (3), 161 (12), 143 (100), 
128 (21), 117 (8), 91 (28), 77 (5); mass, ealed for CISH20O, 
252.1514 (found, 252.1516).

4-Benzyl-2,2-dimethyl-l-tetralol (11) had mp 70-72°; ir 
3350, 1462, 1410, 1395, 1042 cm“1; nmr (60 MHz, CC14) 

8 0.67 (s, 3, CH,), 1.22-1.58 (m, 2, CH,), 2.38 (s, 1, OH), 2.50-
3.43 (m, 3, benzylic), 4.24 (s, 1, CHOH), 7.12 and 7.38-7.60 ppm 
(s and m, respectively, 9, aromatic); mass spectrum m /e (rel 
intensity) 266 (2), 248 (10), 157 (100), 131 (12), 115 (6), 91 (13).

A n a l. Calcd for. CiSH220 : C, 85.67; H, 8.32. Pound: C, 
85.45; H, 8.39.

Cyclodehydration Reaction of the 4-Benzyltetralols.26—In a
25-ml flask was placed 1 ml of H2SO< (90% by weight). The 
benzyltetralol was added in portions to the magnetically strirred 
acid. After the reaction, the product mixture was quenched 
by pouring into a beaker containing cold water.26 The organic 
layer was taken up in ether, washed, dried, and concentrated.

From 4-benzyl-l-tetralol (9), after 14 hr, an 85% yield of 
2,3:6,7-dibenzobicyclo[3.2.2]nona-2,6-diene (12) was obtained: 
mp 75° (lit.12 mp 78-79°); ir 3080, 2945, 1495, 1455, 758, 
722 cm '1; nmr (100 MHz, CC1() 8 1.88-2.40 (m, 4, bridge 
CH2CH2), 3.15 (apparent s, 3, CH2 and bridgehead H), 3.73 
(overlapping t, 1, CH), and 6.77-7.10 ppm (m with sharp peak 
at 7.01, 8, aromatic); mass spectrum m/e (rel intensity) 221
(19), 220 (100), 205 (27), 192 (78), 131 (71), 129 (52), 105 (31), 
91(24).

From 2-methyl-4-benzyl-l-tetralol (10), after 2.5 hr, a 96% 
yield of l-methyl-2,3:6,7-dibenzobicyclo[3.3.1]nona-2,6-diene
(13) was obtained, mp 88-90°.5

From 2,2-dimethyl-4-benzyl-l-tetralol (11), after 24 hr, a yield 
of 70% of l,8-dimethyl-2,3:6,7-dibenzobicyclo[3.3.1]nona-2,6- 
diene (14) was obtained, bp 160° (1.5 mm). The product was

(22) A ll tem peratures were uncorrected . The ir spectra  w ere recorded 
on  a B eckm an IR -5 A  instrum ent. T h e nm r spectra  w ere taken on  a 
V arian A -60  or a V arian H A -100  instrum ent, using T M S  as internal stan
dard. T h e  mass spectra  were recorded  on a C E C  21-491 instrum ent 
operated a t 70 eV .

(23) R . M . R ob erts  and C .-E . L ow , paper in preparation .
( 2 4 )  Z .  J . Vejdelek and B . K akac, C o l le c t .  C z e c h . C h e m . C o m m u n .,  20, 

571 (1955).
(25) M . T . B ogert and D . D avid son , J .  A m e r .  C h e m . S o c . ,  56, 185 (1934).
(26) A  g lp c  analysis o f  the crude reaction  p rod u cts  show ed, in  add ition  

to  the b icyclization  produ ct, a l-b en zy l-l,2 -d ih yd ron a p h th a len e  derivative, 
w hich had a shorter retention  tim e.
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purified by column chromatography, using a column of 32 X 3 
cm packed with 100-200 mesh silica gel, and re-hexane as eluent: 
ir 3080, 2945, 1495, 758, 725, 700 cm "1; nmr (100 MHz, 
CC14) S 1.22 (d, J  = 7.0 Hz, 3, CH,), 1.35 (s, 3, CH,), 1.59 and
1.72 (d, 1, CH), 2.04-2.13 (two sets of q, 1, CH), 2.50-2.88 and
3.10-3.33 (both m, 4, benzylic), and 6.64-7.27 ppm (m, 8, 
aromatic); mass spectrum rei/e (rel intensity) 248 (100), 249
(24), 233 (70), 205 (27), 119 (26), 91 (9); mass, calcd for C19H2„, 
248.1565 (found, 248.1567).

Further Cyclodehydration Reaction of 4-Benzyl-l-tetralol (9).—
(1) Water was distilled away from 3.0 ml of 85% phosphoric acid 
put into a small pear-shaped flask having a thermometer well, 
until the temperature rose to 240°. To this acid was then added 
0.5 g of 4-benzyl-l-tetralol (9), and the temperature was kept 
at 230-240° for 20 min. Upon cooling, the reaction mixture was 
poured into a beaker of water. The organic layer was taken up 
in ether, washed, dried, and concentrated. Analysis by glpc, 
using a 10 ft X 0.125 in. column of Bentone-34 (5%) and SE-52 
silicone gum rubber (5%) at 210° and nitrogen carrier gas at 60 
psi, showed that the major product was 12.

(2) A mixture of 1.0 g of 4-benzyl-l-tetralol (9) in 2.0 ml of 
85% (by weight) H2SO( was stirred magnetically at 105° for 3 hr. 
After working up, the same major product (12) was obtained by 
glpc analysis.

l-Benzy\-4,4-dimethyltetrahn (30).—2-Methyl-5,6-diphenyl-2- 
hexanol (29) was first prepared by the Grignard reaction of 
methylmagnesium iodide with methyl 7,5-diphenylvalerate, bp 
130-132° (0.18 mm). Cyclodehydration of compound 29 gave
l-benzyl-4,4-dimethyltetralin (30): bp 109-110° (0.06 mm); 
ji23d  1.5665; ir compatible with the structure; nmr (60 MHz, 
CC1<) 5 1.20 (s, 3, CH,), 1.31 (s, 3, CH,), 1.52-1.88 (m, 4, CH2- 
CH2), 2.51-3.11 (m, 3, benzylic), and 6.98-7.30 ppm (m, 9, 
aromatic); mass spectrum m/e (rel intensity) 251 (0.7), 250 (4), 
182 (5), 159 (100), 145 (8), 117 (31), 91 (28); mass, calcd for 
C,9H22, 250.1721 (found, 250.1722).

1-Benzyl-l-methyltetralin (32).—2-Methyl-l,5-diphenyl-2-pen- 
tanol (31), bp 110° (0.12 mm), was prepared by the reaction of
3-phenyl-n-propylmagnesium bromide with phenylacetone. Cy
clodehydration26 of compound 31 gave compound 32: bp 84°
(0.12 mm); ir compatible with the structure; nmr (60 MHz, 
CDC13) S 1.21 (s, 3, CH,), 1.32-1.85 (m, 4, CH2CH2), 2.50 
(crude t, 2, ring benzylic), 2.82 (AB pattern, J  = 12.0 Hz, 2, 
benzylic), and 6.85-7.25 ppm (m, 3, aromatic).

1.1- Dimethyl-4-phenyltetralin (34).— 2-Methyl-5,5-diphenyl-2- 
pentanol (33), nmr (60 MHz, CCh) S 1.05 (s, 6, CH3), 2.00 (m, 
2, CH,), 2.50 (t, J  = 7.2 Hz, 2, CH,), 3.07 [s (broad), 1, OH],
3.75 (t, J  =  7.2 Hz, 1, CH), 7.10 ppm (s, 10, aromatic), was first 
obtained by the Grignard reaction of CH3MgI and methyl y ,y -  
diphenylbutyrate: bp 188° (11 mm); nmr (60 MHz, neat) 5
2.15 (apparent t, J  =  7.0 Hz, 2, CH2), 2.52 (t, J  = 7.0 Hz, 2, 
CH,), 3.40 (s, 3, CH,), 3.88 (t, J  = 6.0 Hz, 1, CH), and 7.12 
ppm (s, 10, aromatic). Cyclodehydration of 33 gave a 70% yield 
of 34: ir compatible with the structure; nmr (60 MHz, CDCl,) 5
1.28 (s, 3, CH,), 1.32 (s, 3, CH,), 1.52-2.10 (m, 4, CH2CH2),
4.02 (t, J  =  6.5 Hz, 1, CH), and 6.76-7.38 ppm (m, 9, aroma
tic).27

1.1- Dimethyltetralin (36 ).—This compound was prepared by 
cyclodehydration26 of 2-methyl-5-phenyl-2-pentanol (35), ob
tained by the Grignard reaction of methylmagnesium iodide with 
methyl 4-phenyl-re-butyrate. Compound 36 exhibited the fol
lowing properties: bp 70° (6.0 mm) [lit.28 bp 98° (10 mm)]; 
re23D 1.5255; ir compatible with the structure; nmr (60 MHz, 
CDCl,) Ô 1.22 (s, 6, 2 CH,), 1.45-2.10 (m, 4, CH2CH2), 2.68 
(t, J  = 6.5 Hz, 2, benzylic), and 6.76-7.38 ppm (m, 4, aromatic).

Rearrangement of 2,3:6,7-D ibenzobicyclo[3.2.2]nona-2,6- 
diene (12) in A1C13.—The quantities of reactants employed and 
the methods used followed those of a reported procedure.11 The 
results are recorded in Table I .

Registry No.—9, 38899-43-3; 10, 38899-44-4; 11, 
38899-45-5; 12, 23417-01-8; 13, 31444-39-0; 14,
38899-47-7; 16, 38899-48-8; 23, 38899-49-9; 29,
38899-50-2; 30, 38899-51-3; 31, 34663-14-4; 32,
38899-53-5; 33, 38899-54-6; 34, 13556-56-4; 35,
2979-70-6; 36, 1985-59-7; 4-benzyl-l-tetralone, 38899- 
63-7; 4-benzyl-2,2-dimethyl-l-tetralone, 38899-42-2; 
4-benzyl-2-methyl-l-tetralone, 38899-65-9; methyl 
iodide, 74-88-4; methyl y,5-diphenylvalerate, 38899- 
66-0; 3-phenyl-n-propyl bromide, 637-59-2; phenyl
acetone, 103-79-7.

(27) D . L. R ansley, J .  O rg . C h e m ., S I, 3595 (1966).
(28) M . T . B ogert, D . D av id son , and P . M . A p felbaum , J . A m e r . C h e m .  

S o c . ,  56, 959 (1934).
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l,l-Dichloro-2-ferrocenylcyclopropanes have been prepared in good yield by the addition of dichlorocarbene 
to vinylferrocenes under phase transfer catalysis conditions. The mass spectral fragmentation pattern of
l,l-dichloro-2-phenylcyclopropanes and of l,l-dic,hloro-2-ferrocenylcyclopropanes are reported here and are 
found to be similar and quite simple.

1,1-Dichlorocyclopropanes have been of interest 
to organic chemists since Doering and Hoffmann’s 
classic experiment.1 Besides chloroform and base a 
variety of methods for generating dichlorocarbene 
have since been developed, including the decomposi
tion of halomethylmercurials,2 pyrolysis of trihalo-

(1) W . v on  E . D oerin g  and A . K . H offm ann , J .  A m e r .  C h e m . S o c . ,  76, 6162 
(1954).

(2) D . Seyferth, J. M . B u rlitch , R . J. M inasz, J . Y .  P . M u i, H . D . Sim 
m ons, Jr., A . J. H . Treibe, and S. R . D ow d , J .  A m e r .  C h e m . S o c . ,  87, 4259
(1965).

acetate derivatives,3 the base-induced decomposition 
of hexachloroacetone,4'5 and others.6'7

The large number of dichlorocyclopropanes that 
have been synthesized notwithstanding, only a very 
limited amount of work has been reported on dichloro-

(3 ) W . M . W agner, H . K loosterziel, and S. van  der V en, R e d .  T r a v .  

C h im . P a y s - B a s ,  81, 925, 933 (1961).
(4) P . K . K a d a b a  and J. O. E dw ards, J .  O r g . C h e m .,  25, 1431 (1960).
(5) F . W . G rant and W . B. Cassie, J .  O r g . C h e m .,  25, 1433 (1960).
(6) F or a recent review  see ref 7.
(7) W . K irm se, “ C arbene C h em istry ,”  2nd ed, A cad em ic Press, N ew  

Y ork , N . Y „  1971, p 129.
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carbene adducts of vinylferrocenes. Such compounds 
are of interest, since it is well known that substituted 
ferrocene derivatives possessing a halogen or pseudo
halogen a or 8 to the ferrocene nucleus are extremely 
labile.8

This property has made synthesis of these mole
cules both difficult and challenging. 1-Ferrocenyl- 
ethyl chloride, for example, has been prepared only 
at low temperature, since it decomposes rapidly when 
warmed.9 The even simpler compound ferrocenyl- 
methyl chloride remains to be characterized, although 
it has been implicated in the synthesis of a ferrocenyl 
amino acid derivative.10 Fitzgerald reported that 1,1- 
dichloro-2-ferrocenylcyclopropane was a notable ex
ception to this instability-high reactivity pattern.11 
This is perhaps not surprising, since cyclopropyl halides 
are well known to solvolyze orders of magnitude more 
slowly than cyclohexyl halides.12 This is due prin
cipally to two factors: the greater strength of the 
carbon-chlorine bond attributed to the greater s 
character of the carbon hybrid orbital forming the 
bond,13'14 and strain developed in the ring (“ I ” stain) 
in going to a planar carbonium ion.15’16

Despite this unusual stability reported by Fitz
gerald, the low yield (10%) he obtained11 probably 
discouraged further work on these compounds. A 
communication by Horspool and Sutherland is the 
only other report of the preparation of 1,1-dichloro-
2-ferrocencylcyclopropanes.17 These workers used the 
thermal decomposition of sodium trichloroacetate in 
neutral solution to generate dichlorocarbene, which 
was trapped with vinylferrocenes in moderate (20- 
66%) yields.

We report here the high-yield synthesis of five 
representative 1, l-dichloro-2-ferrocenyl cyclopropanes 
(eq 1) by the addition of dichlorocarbene generated by

"C=CH R2
W

CHC13 
50% NaOH

PTC

Ck .Cl 
Fc

y c ~ ------CHR2
W

(1)

the phase transfer method to the corresponding vinyl
ferrocenes (see Table I). Makosza and Wawrzynie- 
wicz have shown that dichlorocarbene may be generated 
efficiently from chloroform and 50% aqueous sodium 
hydroxide in a heterogeneous system by use of the 
phase transfer catalyst (PTC) benzyltriéthylammonium 
chloride (1), which is soluble in both the aqueous and 
organic phases.18 Solution of 1 in the basic aqueous 
phase followed by anion exchange generates the ben
zyltriéthylammonium hydroxide ion pair, which is 
soluble in the organic phase. Reaction of hydroxide 
ion with chloroform gives dichlorocarbene and regen-

(8) M . R osen blu m , “ C h em istry  o f  the Iron  G rou p M eta llocen es,”  part 
1, W iley , N ew  Y ork , N . Y .,  1965, p 136.

(9) W . P . F itzgera ld  and R . A . Benkeser, J .  O r g . C h e m ,,  26, 4179 (1967).
(10) K . Schlogl, M o n a t s h . C h e m .,  88, 601 (1957).
( 1 1 )  W . P . F itzgerald , P h .D . D issertation , P u rdue U niversity , 1963, 

P 17.
(12) J. D . R ob erts  and B . C . C ham bers, J .  A m e r .  C h e m . S o c . ,  73, 5034 

(1951).
(13) A . D . W alsh , D i s c u s s i o n s  F a r a d a y  S o c . ,  2 , 18 (1947).
(14) A . D . W alsh, T r a n s .  F a r a d a y  S o c . ,  45, 179 (1949).
(15) H . C . B row n and M . G erstein, J .  A m e r .  C h e m . S o c . ,  72, 2926 (1950).
(16) H . C . B row n, R . S. F letcher, and R . B . Johannesen, J .  A m e r .  C h e m .

S o c . ,  73, 212 (1951).
(17) W . M . H orsp oo l and R . G . Sutherland, C h e m . C o m m u n . ,  456 (1966).
(18) M . M a k osza  and M . W aw rzyn iew icz, T e tr a h e d r o n  L e t t , ,  4659 (1969).

T a b l e  I
S y n t h e s i s  o f  1 ,1 - D i c h l o r o - 2 - f e r r o c e n y l c y c l o p r o p a n e s  

U t i l i z i n g  t h e  P h a s e  T r a n s f e r  C a t a l y s i s  M e t h o d

° Yield of pure material.

ates l . 19 Similar results have been reported by Starks 
utilizing tetraalkylammonium salts20 as well as by 
others.21-23 We have utilized dichloromethane as a 
cosolvent to moderate the temperature of this highly 
exothermic reaction. The isolated yields of analyti
cally pure recrystallized adducts were at least 70%. 
We believe that the lower temperature required to 
generate dichlorocarbene by the PTC method com
pared to those used to generate dichlorocarbene by 
sodium trichloroacetate pyrolysis17 may explain our 
higher yields. In this connection, we have observed 
that 1, l-dichloro-frans-2-ferrocenyl-3-phenylcy clopro- 
pane is not stable even at 100° requiring care in 
recrystallization.

A stringent test of the reaction’s synthetic value 
was to use it on a diolefinic ferrocene. In this way, 
we have prepared l,l'-bis(l-phenyl-2,2-dichlorocyclo- 
propyl)ferrocene (6) from l,l'-bis(a-styryl)ferrocene 
in 71% yield (after purification) by use of the PTC 
method.

Despite the broad interest in dichlorocarbene ad
ducts, the only mass spectral data hitherto reported so 
far is for l,l-dichloro-2-vinylcyclopropane.24 We re
port here the mass spectra of a series of five 1,1- 
dichloro-2-ferrocenylcyclopropancs and compare them 
to the spectra of the corresponding l,l-dichloro-2- 
phenylcyclopropanes.

The mass spectral fragmentation pattern of 1,1- 
dichloro-2-phenylcyclopropane (7) is outlined in Fig
ure 1 (see Table II for supporting relative intensity 
and metastable data).25 High-resolution data in
dicate that the elemental composition of the base

(19) A . W . H erriott and D . P icker, T e tr a h e d r o n  L e t t . ,  4521 (1972).
(20) C . M . Starks, J ,  A m e r .  C h e m . S o c . ,  93, 195 (1971).
(21) G . C . Joshi, N . Singh, and L . M . Pande, T e tr a h e d r o n  L e t t . ,  1461 

(1972).
(22) E . Y . D eh m low , T e tr a h e d r o n ,  28, 175 (1972).
(23) (a) W . P . W eber and G . W . G okel, T e tr a h e d r o n  L e t t . ,  1637 (1 9 7 2 ); 

(b ) W . P . W eber, G . W . G okel, and I. K , U gi, A n g e w ,  C h e m .,  I n t .  E d .  
E n g l . ,  11, 530 (1972).

(24) M . C . H am m ing, A r c h .  M a s s  S p e c t r a l  D a t a ,  1, 766 (1970).
(25) C om plete  mass spectral data has been su bm itted  to  the M ass 

Spectrom etry  D a ta  Centre, A tom ic  W eapons R esearch  E stab lishm ent, 
A lderm aston , Berkshire, E ngland. R e la tive  in tensity  data  reported  for 
peaks contain in g chlorine are the sum  o f the intensities o f  the P  plus the 
P  +  2 ions.
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Figure 1.—Mass spectral fragmentation pattern of 1,1-dichloro- 
2-phenylcyclopropane.

T a b l e  II
M a s s  S p e c t r a l  D a t a  a t  70 eV p o r  

1 ,1 - D i c h l o r o p h e n y l c y c l o p r o p a n e s  7  AND 8

1, l-D ich lo ro -2 -m eth y l- 
1, l-D ich lo ro -2 -p h en y l- 2 -ph en ylcyelopropan e 
-— cyclop rop an e  (7 )—>  ---------------- (8 )------------------ >

Rei Rel
intensity m* intensity m*

Parent 4 7 .3 3 7 .0
P -  Cl 80.5 122.6 80.0 136.4
P -  Cl2 43.8 17.0
[P -  Cl] -  CH, 39.0 134.8
[P -  Cl] -  HC1 100.0 87.4 100.0 100.8 br

peak is C9H7.26 It is not surprising that this peak 
at mass 115 is intense, since a possible structure for 
this ion is a phenyl-substituted cyclopropenium cat
ion: a 2-7r-electron system which is expected to be 
particularly stable from the known solution chem
istry of these cations.27-29

The mass spectrum of l,l-dichloro-2-methyl-2- 
phenylcyclopropane (8) is quite similar (see Table II). 
The base peak at mass 129 has an elemental composi
tion of CioH9.30 A possible structure for this ion is a 
cyclopropenium cation substituted by phenyl and 
methyl groups. One new fragmentation process is 
observed. Loss of CH4 from the P — Cl ion leads to 
a pair of ions of mass 149 and 151. A possible struc
ture for these ions is a cyclopropenium cation substi
tuted by a chlorine atom and a phenyl group.

The mass spectrum of l,l-dichloro-2,2-diphenyl- 
cyclopropane (9) is somewhat different (see Table III).

T a b l e  III
M a s s  S p e c t r a l  D a t a  a t  70 eV f o r

1 ,1 - D i c h l o r o d i p h e n y l c y c l o p r o p a n e s  9  a n d  1 0

1 ,1 -D ich loro- 1 ,1 -D ich loro-
2 ,2 -d ip h en y lcy clo - frans-2 ,3-diphenyl- 

propan e (9 )— * --cy c lop rop a n e  (10)-.
R el Rel

intensity m* intensity m *

Parent 63.0 3 .1
P -  Cl 100.0 196.6 31.7 196.6
P -  Cl, 31.8 23.5
[P -  Cl] -  HC1 86.0 160.5 86.7 160.5
[P -  Cl] -  C6H6 85.4 98 100.0 98
[P -  Cl -  HC1] - h 2 18.3 187.2 29.4 187.2
[P -  Cl -  HC1] - c 2h 2 40.8 142.5 27.9 142.5

(26) Calculated for C 9H 7 , 115.0546; observed, 115.0537.
(27) R . Breslow  and H. Chang, J .  A m e r .  C h e m . S o c . ,  83, 2367 (1961).
(28) R . Breslow, H . H over, and H . Chang, J .  A m e r .  C h e m . S o c . ,  84, 

3168 (1962).
(29) R . Breslow  and J. T . G roves, J .  A m e r .  C h e m . S o c . ,  92, 984 (1970).
(30) Calculated for C 1 0 H 9 , 129.0702; observed, 129.076.

Figure 2.—Mass spectral fragmentation pattern of l,l-dichloro-2- 
ferrocenyleyclopropane.

The P — Cl ion is the base peak. Loss of HCl from 
the P — Cl ion leads to an ion of mass 191 (elemental 
composition C^Hn).31 A possible structure for this 
ion is the diphenylcyclopropenium cation. The ion 
of mass 191 further fragments by loss of C2H2 to form 
an ion of mass 165. It also fragments by loss of H2 
to form an ion of mass 18S. The P — Cl ion frag
ments by loss of CeH6 to form a pair of ions of mass 
149 and 151 as in the spectrum of 8 above.

l,l-Dichloro-irans-2,3-diphenylcyclopropane (10) 
fragments in the mass spectrometer in essentially the 
same way. However, the relative intensities of var
ious fragment ions are quite different. The pair of 
ions of mass 149 and 151 are the base peak as above.

The mass spectral fragmentation pattern of 1,1- 
dichloro-2-ferrocenylcyclopropane (2) is outlined in 
Figure 2 (see Table IV). In addition to the parent, 
P — Cl, and P — Cl2 ions,' fragmentation pathways 
characteristic of ferrocene compounds are observed,32,33 
including the ion at mass 56 due to Fe+ and the iron 
cyclopentadienyl cation at mass 121.34 Chloro iron 
cyclopentadienyl cations are observed as a pair at 
mass 156 and 158. A pair of related ions in which 
charge is retained by the cyclopropyl-substituted 
cyclopentadiene ring at mass 138 and 140 is observed 
(P — FeClC5H6). The base peak is found at mass 103 
(elemental composition C8H7).36 A possible structure 
for this ion is a cyclopentadiene-substituted cyclopro
penium cation. A metastable peak indicates that it is 
formed directly from the parent ion by loss of FeCFCsHs.

(31) C alcu lated  for C 1 5H 1 1 , 191.0858; observed, 191.0753.
(32) L . Friedm an and G. W ilk inson , J .  A m e r .  C h e m . S o c . ,  77, 3689 

(1955).
(33) D . W . S locum , R . Lewis, and G . J . M ains, C h e m . I n d .  ( L o n d o n ) ,  

2095 (1966).
(34) H . Egger, M o n a ts h .  C h e m ., 97, 602 (1966).
(35) C alculated for CsH j, 103.0546; observed, 103.0504.
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T a b l e  IV
M ass Spectral D ata at 70 eV for 

1,1-Dichloro-2-ferrocenylcyclopropanes 2 and 3
1,1-Dichloro-

1 ,1 -D ich loro- 2-m eth yl-2 -ferro-
2 -ferroeen y lcyclo - cen y lcyclop rop a n e  

,-------propan e (2 )------- ■. ,------------- (3 )-------------
R el R el

intensity m * in ten sity m*

Parent 32.2 38.7
P -  Cl 6.1 228.2 3.0
P -  HC1 3.6
P -  Cl2 8.2 11.3
P -  CsHsFeCl 4.9 64.9 18.3 7 5 .0
P -  C5H5CI2Fe 100.0 36.2 100.0 4 4 .4
[P -  CsHsCLFe] - 27.0 57.6 29.0 70.6

C2H2
[P -  C5H5Cl2Fe] - 58.0 113.0

h 2
CsHsFeCl 18.9 9.0
C5H5Fe 6.7 15.3
Fe 14.4 54.4

The ion of mass 103 further fragments by loss of C2H2 
to form an ion of mass 77.

The mass spectrum of l,l-dichloro-2-methyl-2- 
ferrocenylcyclopropane (3) is similar (see Table IV) 
to the nonmethylated derivative discussed above. 
The base peak is observed at mass 117 (elemental com
position C9H9).36 A reasonable structure for this ion 
is a cyclopropenium cation substituted by methyl 
and cyclopentadiene residues. Loss of H2 from the 
base peak leads to the ion of mass 115. The base
peak also fragments by loss of C2H2 to form the ion 
of mass 91.

The mass spectrum of 1, l-dichloro-frans-2-phenyl-
3-ferrocenylcyclopropane (5) is different (see Table
V). In addition to the P — Cl, P — HC1, and P —

Table V
M ass Spectral D ata at 70 eV for 

1,1-Dichlorophenylferrocbnylcyclopropanes
1 ,1 -D ich loro-iron s- 1 ,1 -D ich loro -
2 -ph en yl-3 -ferro- 2-phenyl-2~ferro-

cen y leyclopropa n e cen y lcyclop rop an e
' ■

R el R el
in ten - inten-

Ion sity m* sity m*
Parent 19.4 5 5 .9
P -  Cl 3.2 8 .4
P -  HC1 6.1 13.1
P -  e t 44.8 9.5
P -  HC12 6.0 10.7
P -  CC12 11.9 4.8
p -  HCLC5H5 14.9
P -  FeCICsHs 13.5 123.9 17.9 123.9
P -  FeChCsHs 100.0 86.6 100.0 86.6
[P -  FeChCeHe] -  H 80.6 177, 135.4 95.0 177, 135.4
[P -  FeCl2C6H6 -  H] 17.9 129.8 23.8 129.8

-  C2H2
CsHsFe 14.9 13.1
Fe 28.4 19.0

CL ions, the parent ion also fragments by loss of 
FeClC.iHs to yield a pair of ions of mass 214 and 216. 
Phenyl substitution appears to favor charge retention 
in the substituted cyclopentadienyl ring. The parent 
ion also fragments by loss of FeCl2C6H6 in a single

(36) C alcu lated  for C»Hs, 117.0702; observed, 117.0674.

step to yield the base peak at mass 179 (elemental 
composition C, J in ),37 whose structure may be a cy
clopropenium cation substituted by cyclopentadiene 
and phenyl groups. Loss of a hydrogen atom from 
the ion of mass 179 leads to an ion of mass 178 (ele
mental composition CiJI10)37 38 whose structure may be 
a phenyl-substituted calicene cation radical.39 The 
ion of mass 178 further fragments by loss of C2H2 
to form an ion of mass 152.

The relative intensities of some fragment ions in 
the mass spectrum of l,l-dichloro-2-phenyl-2-ferro- 
cenylcyclopropane (4) are quite different compared 
to those of l,l-dichloro-frans-2-phenyl-3-ferrocenyl- 
cyclopropane (5), blit no new fragment ions are ob
served. The base peak is at mass 179 (elemental 
composition C^Hn)40 while the ion of mass 178 (ele
mental composition ChHio)41 is almost equally intense.

The mass spectrum of l,l'-bis(l-phenyl-2,2-dichlo- 
rocyclopropyl) ferrocene (6) is quite simple (see Table
VI). Three ions dominate the entire spectrum. The

T able VI
M ass Spectral D ata at 70 eV for 

1,1'-Bis(1-phenyl-2,2-dichlorocyclopropyl)ferrocene (6)

m / e

Rel
intensity m *

Parent“ 7 5 .5
216 8 .3
215 12 .3
214 25.0
213 15.3
179 100.0 5 7 .9
178 100.0 177.0
152 25.0 129.8

“ Relative intensity is sum of peaks associated with the parent 
ion.

cluster of peaks associated with the parent ion, the 
ion of mass 179 (elemental composition CuHu),42 
and the ion of mass 178 (elemental composition ChH io)43 
are all of almost equal intensity.

Experimental Section
Melting points were determined on a Thomas-Hoover ap

paratus (capillary method) and are uncorrected. Infrared spec
tra were recorded on a Perkin-Elmer 337 spectrometer either 
neat or in chloroform solution and were calibrated against poly
styrene film. Nmr spectra were run on a Varian T-60 or HA-100 
using 5-10% solutions. TMS was used as the internal standard. 
Mass spectra were determined on a AEI MS-902 instrument 
under the following conditions: ionizing voltage 70 eV; fila
ment emission 480 juA; source temperature 100°. Exact mass 
determinations of the composition of certain important ions were 
carried out at a resolution of 10,000 by peak matching with 
peaks of known mass of perfluorokerosene. Microanalysis was 
done by Elek Microanalytical Laboratory.

All chemicals used were reagent grade. The hexane used for 
chromatography was redistilled Skellysolve B. Merck alumina 
was used for chromatography. The phase transfer catalyst used 
was benzyltriéthylammonium chloride (TEBAC).

l,l-Dichloro-2-phenylcyclopropane (7) was synthesized by 
reaction of styrene with dichlorocarbene generated by the PTC 
method in 85% yield.18 The product was purified by distilla

(37) C a lcu lated  for C u H u, 179.0858; observed, 179.0780.
(38) C a lcu lated  for C hH io, 178.0780; observed, 178.0755.
(39) M . Cais and A, E isenstadt, J .  A m e r .  C h e m . S o c . ,  89, 5468 (1 967 ).
(40) C a lcu lated  for C u H u , 179,0858; observed , 179.0798.
(41) Calcu lated for C hH io, 178.0780; observed, 178.0737.
(42) C alcu lated  for C u H u , 179.0858; observed , 179.0869.
(43) C alcu lated  for  C hH io, 178.0780; observed , 178.0807.
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tion: bp 90° (0.5 mm) [lit. bp 78-83° (2 mm)].44 Its spectral 
properties were in agreement with literature values.45

1.1- Dichloro-2,2-diphenylcyclopropane (9) was prepared by 
reaction of 1,1-diphenylethylene with dichlorocarbene under 
phase transfer catalysis conditions in 70% yield:18 mp 111-112° 
(lit. mp 115—116°);46 pmr (100 MHz, CDC13 8 2.21 (s, 2 H),
7.26 (m, 10 H).

1.1- Dichloro-irans-2,3-diphenylcyclopropane (10) was pre
pared by reaction of frtms-stilbene with dichlorocarbene under 
phase transfer catalysis conditions in 60% yield.18 The crude 
reaction product was distilled at 130° (0.2 mm). After distilla
tion, the product crystallized, mp 39-41° (lit. mp 39-40°).2 
Its spectral properties were in agreement with literature values.2

1.1- Dichloro-2-methyl-2-phenylcyclopropane (8) was prepared 
by reaction of a-methylstyrene with dichlorocarbene under 
phase transfer catalysis conditions in 71% yield.18 The product 
was purified by distillation, bp 50° (0.15 mm) [lit. bp 75-77° 
(1 mm)] ,44 Its spectral properties were in agreement with litera
ture values.2

1.1- Dichloro-2-f errocenylcyclopropane (2 ).—A 500-ml round- 
bottomed flask equipped with a magnetic stirring bar and a reflux 
condenser was charged with vinylferrocene47 (4.5 g, 0.021 mol), 
CHC13 (25 ml), 50% aqueous NaOH solution (30 ml), CH2C12 
(100 ml), and finally TEBAC (1 g). The reaction mixture was 
stirred and spontaneous reflux ensued. The stirring was con
tinued for about 1 hr after reflux had ceased. The reaction 
mixture was then poured into 200  ml of ice-water and the layers 
were separated. The organic layer was washed with water, 
dried over MgS04, and filtered, and the solvents were removed 
by evaporation under reduced pressure. The crude product 
was chromatographed over alumina (150 g). The desired cyclo
propane (5.2 g, 8 8% yield) was eluted with hexane. It was re
crystallized from n-heptane to give lemon-yellow crystals (4.5 g, 
75% yield): mp 81-82° (lit. mp 83-84°);“  pmr (100 MHz, 
CDCI3) 8 1.47 (dofd , 1H, T a x  = 8.4, T a b  = 7 Hz), 1.87 (d of d, 
1 H, J a b  = 7, JBx = 11.2 Hz) and 2.59 (d of d, 1 H, J a x  = 8.4, 
Jb x  = 11.2 Hz, cyclopropane protons), 4.16 (s, 5 H, C5H5),
4.00 (m, 4 H), 4.34 (C6H4).

2-Ferrocenylpropene.—A 250-ml three-necked round-bottomed 
flask was charged with phosgene (3.0 g, 0.03 mol), triethylamine 
(6.0 g, 0.06 mol), and ether (75 ml). The solution was cooled 
to 0° and 2-ferrocenyl-2-propanol48 (7.1 g, 0.025 mol) in ether (50 
ml) was added dropwise with stirring. The reaction mixture 
was maintained at 0° for 30 min. It was then allowed to warm to 
ambient temperature during ca. 1.5 hr, at which time no further 
CO2 evolution was observed [Ba(OH)2 solution]. The mixture 
was then poured onto ice (100 g) and water (100 g). A small 
amount of Na2S20 4 was added, and the layers were separated. 
The ether layer was washed with 5% NaOH (200 ml), water (5 X 
200 ml), and brine (200 ml) and finally dried over K2C03. Evap
oration of the solvent under reduced pressure left 5.7 g of a brown 
oil, which was chromatographed on silica gel (Baker 3405, 120 g,
3.5 X 32 cm). Elution with petroleum ether (bp 30-60°)-ace- 
tone (4:1, v /v ) gave 2.5 g of 2-ferrocenylpropene in the first 
fraction, and continued elution gave residual starting material 
(3.1 g): yield (based on unrecovered starting material) 57%; 
mp 64-66° (lit. mp 66-69°);49 * pmr (100 MHz, CS2) 8 1.96 (m, 
3 H, CHj), 3.88 (s, 5 H, C5H5), 4.00 (t, 2 H) and 4.16 (t, 2 H), 
(C5H4), 4.70 (m, 1 H) and 4.96 (m, 1 H) (= C H 2).

1.1- Dichloro-2-methyl-2-f errocenylcyclopropane (3 ).—A 500- 
ml round-bottomed flask equipped with a magnetic stirring bar 
and a reflux condenser was charged with 2-ferrocenylpropene 
(1.8 g, 0.0082 mol), CHC1S (10 ml), CH2C12 (100 ml), 50% 
aqueous NaOH solution (50 ml), and finally 1 g of TEBAC 
catalyst. Stirring was commenced and the reaction mixture was 
warmed. The reaction mixture was stirred for ca. 2 hr after the 
exotherm ceased. The reaction was worked up as described 
previously. The product was chromatographed over alumina; 
elution with Skelly B, followed by recrystallization from n- 
heptane, gave the cyclopropane as a yellow-orange solid (1.6 g, 
75% yield), mp 93.5-94.5°. A n al. Calcd for Ci4Hi4FeCl2:

(44) W . J. D a le  and P . E . Sw artzentruber, J .  O r g . C h e m .,  24, 955 (1959).
(45) K . L. W illiam son , C . A . L anford , and C . R . N ich olson , J . A m e r .  

C h e m . S o c . ,  86, 762 (1964).
(46) L. Skattebol, A c t a  C h e m . S c a n d . ,  17, 1683 (1963).
(47) F . S. A r im oto  and A . C . H aven , Jr., J .  A m e r .  C h e m . S o c . ,  77, 6295 

(1955).
(48) K . Schlogl and M . Fried, M o n a t s h .  C h e m .,  96, 558 (1964).
(49) W . M . H orsp ool and R . G . Sutherland, C a n .  J .  C h e m ., 46, 3453

(1968).

C.54.41; H, 4.57; Cl, 22.95. Found: C, 54.33; H, 4.45; Cl,
22.93. Pmr (100 MHz, CDC13): 8 1.47 (d, 1 H) and 1.70 (d, 1 
H) (geminal protons, J a b  = 7.5 Hz), 1.78 (s, 3 H, CH3), 3.97,
4.15, 4.27 (pseudo t, 9 H) (ferrocene protons).

Ferrocenylbenzyl Ketone.—A 500-ml erlenmeyer flask 
equipped with a magnetic stirring bar and a nitrogen inlet was 
charged with ferrocene (37.2 g, 0.2 mol), phenylacetyl chloride 
(31 g, 0.2 mol), and dry CH2C12 (200 ml). The flask was im
mersed in an ice bath and aluminum trichloride (28.4 g, 0.22 
mol) was added in six equal portions. The mixture turned from 
brown to wine red and was stirred for 2 hr while warming to 
ambient temperature. The reaction mixture was poured onto 
cracked ice. The phases were separated and the aqueous phase 
was washed once with CH2C12 (200 ml). The combined organic 
material was washed with 200 ml each of 10% NaOH solution, 
water, and brine and then dried over MgS04 and the solvent was 
removed under reduced pressure to give a light red powder, 53.4 g 
(87.5% yield). A small sample was chromatographed over 
alumina to remove residual ferrocene from the product: mp 128-
129° (lit. mp 130°);“  pmr (100 MHz, CS2) 8 3.74 (s, 2 H), 
-CH2-) , 3.90 (s, 5, H, C6H5), 4.28 (t, 2 H), 4.58 (t, 2 H), 7.14 
(s, 5 H, CcHr,).

l-Ferrocenyl-2-phenylethanol.—-Ferrocenylbenzyl ketone (17 
g, 0.056 mol) was stirred for 3 hr at ambient temperature with 
NaBH4 (5.0 g, 0.132 mol) in 500 ml of 95% ethanol. The 
product was isolated in the normal fashion: yield 15 g (82%); 
mp 62-63° (lit. mp 64°);“  pmr (100 MHz, CS2) 8 1.89 (s, 1 H, 
-OH), 2.65 (d, 2 H, J = 6.4 Hz, -CH 2-) , 3.96 (s, 9 H, Ci„H9Fe),
4.35 (t, 1 H, J = 6.4 Hz, -C H -), 7.01 (m, 5 H, C6H6).

iraras-2-Ferrocenylstyrene.—A 500-ml round-bottomed flask
equipped with a magnetic stirring bar, reflux condenser, and N2 
inlet was charged with l-ferrocenyl-2-phenylethanol (10 g, 0.0326 
mol) and 100 ml of dry benzene. Powdered PCI5 (10 g) was 
added in one portion, whereupon the benzene solution refluxed 
vigorously for 15 min. When the reflux had ceased, the reaction 
mixture was quenched with aqueous sodium carbonate solution. 
A small amount of sodium dithionite was added to reduce any 
ferrocinium ion present, and the product was extracted with 
ether. The organic material was washed several times with 
water, then dried over MgSO(, and the solvents were removed 
by evaporation under reduced pressure. The residue was chro
matographed over alumina; the product was eluted with Skelly 
B, yield 6 g (64%), red-orange solid, mp 119-120° (lit. mp 120- 
122°).61'62 The olefin was presumed to be the trans isomer on the 
basis of the vinylic coupling constant, J  = 17 Hz; pmr (60 MHz, 
CS2) 8 3.96 (s, 5 H, C5H5), 4.08 (t, 2 H) and 4.26 (t, 2 H) (C6H4),
6.36 (d, 1 H) and 6.66 (d, 1 H) (vinyl protons, J a b  = 17 Hz),
7.11 (m ,5H ,C fHs).

1, l-Dichloro-frares-2-phenyl-3-f errocenylcyclopropane (5).—A 
500-ml round-bottomed flask equipped with a magnetic stirring 
bar and a reflux condenser was charged with irans-2-ferrocenyl- 
styrene (2.0 g, 0.007 mol), CHC13 (10 ml), CH2C12 (100 ml), 50% 
aqueous KOH solution (20 ml), and finally 1 g of TEBAC cata
lyst. The reaction mixture was stirred and began to spon
taneously reflux. Stirring was continued for ca. 2 hr after reflux 
had ceased and the solution was worked up as described pre
viously . The crude product was chromatographed over alumina; 
elution with Skelly B gave 2.6 g (97%) of a red-orange solid, mp
101.5-102.5°. A n al. Calcd for CisHisFeCb: C, 61.50; H, 
4.35; Cl, 19.11. Found: C, 61.60; H, 4.41; Cl, 18.94. Pmr 
(100 MHz, CDC13): 8 2.89 (s, 2 H, cyclopropane protons), 4.15 
and 4.43 (pseudodoublet, 9 H, ferrocene protons), 7.38 (s, 5 H, 
C6H6).

1-Ferrocenylstyrene.—To a solution of triphenylmethylphos- 
phonium iodide (40.4 g, 0.1 mol) in THF (600 ml) was added 
with stirring a solution of n-butyllithium (50 ml, 2.1 M  in w-hex- 
ane). Ferrocenophenone61 (29 g, 0.1 mol) was added as a solid. 
After the reaction was over, the solution was hydrolyzed and the 
product was isolated by chromatography over alumina. The 
olefin eluted with n-hexane to give a red-brown oil (21.4 g, 74%): 
pmr (60 MHz, CC14) 5 4.04 (s, 5 H, C5H5), 4.16 (t, 2 H) and
4.27 (t, 2 H) (C6H4), 5.12 (d, 1 H) and 5.51 (d, 1 H, J a b  = 2 Hz),
7.33 (m, 5 H, CiHs). The base peak in the mass spectrum of 1- 
ferrocenylstyrene is the parent ion at m/e 288.

l,l-Dichloro-2-phenyl-2-ferrocenylcyclopropane (4).—A 500-

(50) R . D abard  and B . G autheran, C . R .  A c a d .  S c i . ,  254, 2014 (1962).
(51) W . K uan-L i, E . B . Sakolora, L . A . Leites, and A . D . P etrov , I z v .  

A k a d .  N a u k  S S S R ,  O ld . K h i m .  N a u k ,  887 (1962).
(52) P . L. P auson and W . E . W atts , J .  C h e m . S o c . ,  2990 (1963).
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ml round-bottomed flask equipped with a magnetic stirring bar 
and a reflux condenser was charged with 1-ferrocenylstyrene (2.0  
g, 0.007 mol), CHC13 (14 g, 0.12 mol), 50% NaOH solution (50 
ml),- CH2C12 (200 ml), and finally 1 g of TEBAC catalyst. The 
reaction mixture was stirred for ca. 5 hr, during which time a mild 
exotherm was noted. The reaction mixture was worked up as 
described previously and the crude product was chromatographed 
over alumina. Elution with Skelly B afforded 2.25 g of the cyclo
propane, which was recrystallized from n-heptane to give 1.79 g 
(70%) of a red-orange solid melting at 124-125°. A n al. Calcd 
for CisHieFeCh: C, 61.50; H, 4.35; Cl, 19.11. Found: C, 
61.53; H, 4.32; Cl, 18.97. Pmr (100 MHz, CDC13): S2.07(d,
1 H) and 2.18 (d, 1 H) (^em-protons, J a b  = 7.5 Hz), 3.91 (s, 5 
H, C5H5), 4.04 (m, 2 H) and 4.12 (m, 2 H) (C„H<), 7.44 (s, 5 H, 
C6H5).

1,1 '-Bis (fj-styryl )f errocene.—A 500-ml three-necked flask 
equipped with a stirrer, a reflux condenser, an addition funnel, 
and a N2 inlet was charged with triphenylmethylphosphonium 
iodide (33 g, 0.08 mol) and 200° ml of THF. A solution of n- 
butyllithium (40 ml, 2.1 M  in hexane) was added and the mixture 
was stirred for ca. 10 min. A solution of l,l'-dibenzoylferro- 
cene53 (15.6 g, 0.04 mol) in 100 ml of THF was added dropwise. 
Stirring was continued for 1 hr before hydrolyzing with water. 
The crude product was chromatographed over neutral alumina 
(Merck) using Skelly B as eluent: yield 4.0 g (25%) of a red- 
brown oil; pmr (60 MHz, CS2) h 3.95 (t, 4 H, J  = 4 Hz), 4.05 
(t, 4 H ,  J  = 4 Hz, C5H4), 5.03 (d, 2 H, J a b  = 2.2 Hz), 5.32 (d,
2 H, J a b  = 2.2 Hz), 7.17 (m, 10 H). The base peak in the 
mass spectrum of l,l'-bis(a-styryl)ferrocene is the parent ion at 
m/e 390.

(53) M . R ausch , M . V ogel, and H . R osen burg, J .  O r g . C h e m .,  22, 903 
(1957).

1 ,1 '-B is( l-phenyl-2 ,2-dichlorocyclopropyl )ferrocene ( 6 ) .— A
250-ml round-bottomed flask equipped with a stirring bar and a 
reflux condenser was charged with l,l'-bis(a-styryl)ferrocene 
(1.5 g, 0.00384 mol), CH2C12 (40 ml), CHC13 (10 ml), 50% aque
ous NaOH (20 ml), and finally 0.5 g of TEBAC catalyst. After 
stirring for ca. 5 hr, the reaction mixture was diluted with water 
and worked up as described previously. The crude product 
was chromatographed over Merck neutral alumina; elution with 
Skelly B, followed by recrystallization from w-heptane, afforded 
a yellow-orange solid (1.5 g, 71%). A n a l. Calcd for C2?H22- 
FeCl,: C, 60.47; H, 3.99. Found: C, 60.80; H, 4.05. The 
compound blackens at ~145°, but is not a mobile liquid below 
260°. Pmr (100 MHz, CS2): 5 1.56 (d, 2 H) and 1.82 (d, 2 H)
(cyclopropane protons, J a b  = 7.50 Hz), 3.52 (m), 3.62 (m), and
3.75 (m) (total 8 H, C6H4), and 7.29 (s, 10 H, C6H6).

Registry No.—2, 12085-73-3; 3, 12087-46-6; 4,
38856-04-1; 5, 38856-05-2; 6, 38856-06-3; 7, 2415- 
80-7; 8, 3591-42-2; 9, 3141-42-2; 10, 33044-82-5;
2-ferrocenylpropene, 31725-14-1; 2-ferrocenyl-2-pro- 
panol, 12093-87-7; ferrocenylbenzyl ketone, 1277-72-1; 
ferrocene, 102-54-5; l-ferrocenyl-2-phenylethanol, 
12094-28-9; irans-2-ferrocenylstyrene, 1272-54-4; 1-
ferrocenylstyrene, 35126-64-8; ferrocenophenone, 
1272-44-2; l,l'-bis(a-styryl)ferrocene, 38856-13-2; 1,1'- 
dibenzoylferrocene, 12180-80-2.
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Cymantrene (2 ) has been found to undergo facile mercuration by reaction with mercuric acetate in the presence 
of perchloric acid. Chloromercuricymantrene (3) has been converted into a variety of organomanganese deriva
tives, including cymantrenylmagnesium iodide (8 ), cymantrenyllithium (10 ), cymantrenylferrocene (6 ), and 
(fulvalene)hexacarbonyldimanganese (1 ). Complex 1 undergoes Friedel-Crafts acetylation to produce (3-acetyl- 
fulvalene )hexacarbonyldimanganese (11 ).

A recent communication by us2 reported the syn
thesis and properties of (fulvalene)hexacarbonyldi- 
manganese (1), one of the first examples in which

(CO)3
Mn

Mn
(CO)3

1
fulvalene serves as the sole ir ligand in an organo transi
tion metal complex.3 We now wish to describe in 
detail the preparation of a number of novel organo
metallic derivatives of cymantrene (2), their utiliza-

(1) Presented in part at the 156th N ationa l M eetin g  o f  the Am erican 
C hem ical S ociety , A tlan tic  C ity , N . J., Sept 9 -13 , 1968, A bstracts IN O R - 
088.

(2) M . D . R ausch , R . F . K ovar, and C . S. K raihanzel, J .  A m e r .  C h e m .  
S o c ., 91, 1259 (1969).

(3) F or another exam ple o f a fu lva len e-tran sition  m etal r  com plex, see 
F . L .  H edberg and H . R osen berg, J .  A m e r .  C h e m . S o c . ,  91, 1258 (1969); see 
also ref 2.

tion as intermediates in the synthesis of 1, and the 
results of preliminary studies regarding the reactivity 
of 1 toward electrophilic substitution.4

During the course of our studies in cymantrene 
chemistry it became necessary for us to prepare sub
stantial quantities of the monochloromercuri deriva
tive (3). We were unable in several attempts to re
produce the original direct mercuration procedure de
scribed for cymantrene (2),8 but were successful in 
reproducing a four-step procedure described by Cais.9 
The latter method was tedious, however, and resulted 
in low overall yields of product (24% yield of 3 starting

(4) A fter  our program  in  this area had been com p leted ,1 the isolation  o f 
1 from  (a) the halogenation o f triph en ylph osph in egoldcym an tren e;6 
(b ) the reaction  o f  cym antreneboron ic acid  w ith copper a ce ta te ;6 and (c) 
the coupling o f  cym antrenylm agnesium  iod id e  (8) w ith c o b a lt (I I )  ch lorid e7 
was independ ently  reported.

(5) A . N . N esm eyanov, K . I. G andberg, and T . V . B a u k ova , I z v .  A k a d .  
N a u k  S S S R ,  S e r .  K h i m . ,  2032 (1969).

(6) A . N . N esm eyan ov , V . A . Sazonova, and N , N . S edlova , D o k l .  A k a d .  
N a u k  S S S R ,  194, 825 (1970).

(7) H . E gger and A. N ik iforov , M o n a ts h .  C h e m .,  100, 1069 (1969).
(8) A . N . N esm eyanov, K . N . A n isim ov, and E . P . V a lueva , I z v .  A k a d .  

N a u k  S S S R ,  O td . K h i m .  N a u k ,  1683 (1962).
(9) N . Cais and J. K ozikow ski, J .  A m e r .  C h e m , S o c . ,  82, 5667 (1960).



from 2). An investigation was therefore begun to 
develop a more convenient and reliable synthetic 
route to 3.

Results and Discussion

Cymantrene (2) was found to undergo facile reaction 
with mercuric acetate in the presence of perchloric acid.10 
Treatment of the resulting acetoxymercuri derivative 
with lithium chloride produced chloromercuricyman- 
trene (3) in 53% yield. The marked effect of perchloric
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^ 0 )  1. Hg(OAc)2 + HC104 (g ^ H g C l
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acid in promoting the mercuration reaction was il
lustrated by treating 2 with mercuric acetate in the 
absence of catalyst. Analysis of the reaction mixture 
by thin layer chromatography indicated the presence 
of only trace amounts of mercurated product.

A purification procedure was devised which facil
itated step-by-step removal of the by-products and un
reacted starting material from the crude reaction prod
uct. Thus, washing the methylene chloride solution 
of the crude product with water removed the inorganic 
salts present, while extraction of the residue from that 
solution with benzene and subsequent filtration through 
a dry column of Florisil removed poly mercuration 
products. Evaporation of the benzene eluent and ex
traction of the residue with hexane removed substan
tial amounts of unreacted 2. Finally, recrystalliza
tion of the residue from methylene chloride-hexane 
afforded a pure crystalline product which was identical 
with 3 prepared by the method of Cais.9 Small 
amounts of a polymercurated product were obtained 
by eluting the Florisil column with acetone. The 
material appeared to be bis (chloromercuri) cymantrene, 
but attempts at characterization were not completely 
successful.

Chloromercuricymantrene (3) reacted with iodine 
in methylene chloride solution to form a dark soluble 
complex. Iodocymantrene (4) was obtained in 84%

(00),
Mn

yield by shaking a solution of the complex with aqueous 
sodium thiosulfate and by chromatographing the crude 
product on a dry column of Florisil. Attempts to 
prepare bromocymantrene by treatment of 3 with 
either bromine or A-bromosuccinimide resulted in 
decomposition of 3 and evolution of carbon monoxide.

Dicymantrenylmercury (5) was prepared according 
to the procedure reported by Nesmeyanov, et al.,s 
by treatment of 3 with aqueous sodium thiosulfate,

(10) A . J. K resg, M . D u beck , and H . C . B row n, J .  O r g . C h e m ., 32, 745, 
752, 756 (1967).

the yield being nearly quantitative. The physical 
properties of recrystallized material compared favor
ably with those reported by Cais.9 An ir spectrum of 
5 was virtually identical with that obtained for 3, 
exhibiting absorptions due to the terminal carbonyl 
groups at 2010 and 1900 cm-1.

Our initial attempts to extend the Ullmann biaryl 
reaction to iodocymantrene (4) were unsuccessful. 
Reaction of 4 with activated copper bronze11 yielded 
cymantrene (2) as the only product. Modification 
of the procedure by the use of copper-(Zn) powder,12 
however, afforded (fulvalene)hexacarbonyldimanganese
(1) in 21% yield. The product was separated from 
a large amount of hydrogenated product cymantrene
(2) by dry column chromatography on Florisil. The 
first band to be eluted contained 2 as identified 
by its ir spectrum. Further elution of the column 
yielded a second band which afforded the desired 
product (1). The nmr spectrum of 1 exhibited an 
A2B2 pattern, with two sets of triplets centered at 
r 5.04 (four a protons) and 5.26 (four (1 protons). 
The a protons were deshielded with respect to cyman
trene, while the 8 protons were virtually unaffected. 
Thus, a cymantrenyl group exerts a deshielding effect 
in 1 similar to that observed for a ferrocenyl group in 
biferrocene.11 The ir spectrum exhibited strong ab
sorptions at 2000 and 1925 cm-1 assigned to the ter
minal carbonyl substituents.

Attempts to prepare the unsymmetrical product 
cymantrenylferrocene (6) by a mixed Ullmann reaction 
of 4 with iodoferrocene were unsuccessful, the prod
ucts being largely biferrocene and 2, together with 
small amounts of 1.

(Fulvalene)hexacarbonyldimanganese (1) was also 
formed in 67% yield when S was heated at 265° in 
the presence of silver powder. The temperature of 
the reaction was found to be a critical factor in deter
mining the yield of product obtained. Thus, when 
the pyrolysis was run at 230°, cymantrene (2) was the 
only product obtained. This result is in agreement with 
an earlier finding that the yield of biferrocene obtained 
from the pyrolysis of diferrocenylmercury in the 
presence of silver varies greatly with the reaction tem
perature.13

Pyrolysis of a mixture of diferrocenylmercury (7) and 
dicymantrenylmercury (5) in the presence of silver 
powder yielded a substantial .amount (39%) of the 
mixed product, cymantrenylferrocene (6), together 
with the symmetrical coupling products biferrocene 
and 1.

Shechter and Helling prepared the ferrocenyl Gri- 
gnard reagent by the reaction of a mixture of ethylene 
bromide and bromoferrocene with powdered mag
nesium in tetrahydrofuran solution.14 This reaction 
has now been successfully extended to the cymantrene 
system, the cymantrenyl Grignard reagent (8) being 
formed in moderate yield. Treatment of a mixture 
of ethylene bromide and iodocymantrene (4) (2:1 
molar ratio) with powdered magnesium in tetrahydro
furan solution produced a dark reaction mixture. 
Carbonation of the solution thus formed and subsequent

(11) M . D . R ausch , J. O r g . C h e m .,  26, 1802 (1961).
(12) L . Fieser and M . Fieser, “ A d van ced  O rganic C h em istry ,”  C h apm an 

and H all, L on don , 1963, p  785.
(13) M . D . R ausch , I n o r g .  C h e m .,  1, 414 (1962).
(14) H . Shechter and J. T . H elling, J . O r g . C h e m ., 26, 1034 (1961).
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hydrolysis afforded cymantrenecarboxylic acid (9) 
in 32% yield. The physical properties of the purified 
product are in good agreement with properties de
scribed for 9 prepared by an alternate procedure.16,16 
A subsequent reaction of 8 with cobalt(II) chloride 
also produced 1 in 51% yield.

(CO)3 
Mn o

0 M g I
| ù u1

[ ^ M g r c - cH*

Mn
1

Mn Mn
(00), (CO)3 (00),

8 10 11

Since earlier attempts to prepare cymantrenyllith-
ium (10) had been reported to be unsuccessful,9 we 
decided to investigate alternate routes to this poten
tially useful intermediate. The report by Rausch 
that treatment of diferrocenylmercury (7) with an 
excess of n-butyllithium produced lithioferrocene in 
high yield13 prompted us to attempt an extension of 
this exchange reaction to the cymantrene system. 
Both chloromercuricymantrene (3) and dicymantrenyl- 
mercury (5) were found to undergo transmetalation 
with n-butyllithium to produce cymantrenyllithium 
(10). Thus, treatment of either 3 or 5 with n-butyl- 
lithium in ethyl ether-benzene solution and subsequent 
carbonation of the reaction mixture afforded cyman
trenecarboxylic acid (9) in yields of 40 and 44% 
respectively. Furthermore, reaction of 10 prepared 
from either 3 or 5 with cobalt(II) chloride produced 
1 in yields of 13 and 16%, respectively.

Since substitution reactions of 1 followed by oxida
tion of the Mn(CO)3 groups could conceivably lead to 
a general route to substituted fulvalenes, it was of 
interest to determine the relative reactivity of 1 in a 
typical electrophilic substitution reaction.

Attempted acetylation of 1 in carbon disulfide solu
tion using equimolar amounts of acetyl chloride and 
aluminum chloride yielded starting material and no 
products of acetylation. These results indicate a 
lower reactivity of 1 toward electrophilic substitution 
as compared to cymantrene (2), since the latter com
pound reacts readily under the above conditions.15 16 17 
A reaction of 1 in methylene chloride solution with 2 
equiv each of acetyl chloride and aluminum chloride, 
however, afforded (3-acetylfulvalene)hexacarbonyldi- 
manganese (11) in 43% yield. The structural assign
ment of the product as the 3-acetyl isomer (11) was 
made chiefly on the basis of its proton nmr spectrum, 
which exhibits a doubly deshielded single proton 
resonance at r 4.30 (both the acetyl18 and cymantrenyl19 
groups are known to be deshielding with regard to 
adjacent protons on a cyclopentadienyl ring). A 
very small amount of an apparently diacetylated prod
uct was also isolated from the reaction, and its struc
ture is presently under investigation.

(15) R . R iem schneider and K . P elzold t, Z. N a t u r f o r s c h .  B ,  16, 627 (1960).
(16) C ym antren ylm agn esium  iod id e  (8) has also been used successfu lly  in

this laboratory  in the synthesis o f  cym antrenyld ip henylphosph ine: G . J.
R e illy  and W . E . M cE w en , T e tr a h e d r o n  L e t t . ,  1231 (1968).

(17) F . A . C otton  and J. R . Leto, C h e m . I n d .  ( .L o n d o n ) , 1368 (1958).
(18) M . D . R ausch  and V. M ark, J .  O r g . C h e m ., 28, 3225 (1963).
(19) R . F . K ova r , P h .D . Thesis, U niversity  o f  M assachusetts, 1969.

Experimental Section
Ir spectra were recorded on a Beckman IR-10 spectrophotome

ter and were calibrated using polystyrene. Nmr spectra were 
recorded on a Varian A-60 spectrometer using CDCh as the 
solvent and TMS and an internal standard. Melting points 
were determined on a Mel-Temp apparatus and are uncorrected. 
Elemental analyses were performed by the Schwarzkopf Micro- 
analytical Laboratory, Woodside, N. Y ., and by the Micro- 
analytical Laboratory, Office of Research Services, University 
of Massachusetts. Column chromatography was carried out 
using CAMAG activity I alumina or Florisil (purchased from 
Fisher Scientific Co.).

Direct Mercuration of Cymantrene (2).—A 500-ml one-necked 
flask was equipped for magnetic stirring, and a 250-ml addition 
funnel was attached. A solution of cymantrene (38.6 g, 0.189 
mol) dissolved in 100 ml of methylene chloride was added to the 
flask. Meanwhile, mercuric acetate (20.1 g, 0.063 mol) and 
200 ml of methanol were added to a 500-ml erlenmeyer flask 
equipped for magnetic stirring. Perchloric acid was added 
dropwise until the white suspension dissolved (a large excess 
should be avoided). The mercurating reagent thus formed was 
then added dropwise to the stirring solution of cymantrene. 
When the addition was complete, a solution containing 5.4 g 
(0,126 mol) of lithium chloride dissolved in 25 ml of methanol 
was added, followed by 100 ml of methylene chloride. The con
tents of the flask were transferred to a 500-ml separatory funnel, 
and the solution was washed with two 100-ml portions of water 
to remove perchlorate salts. The organic layer was filtered and 
dried over anhydrous sodium sulfate. Evaporation of the solvent 
to dryness yielded yellow crystals. The residue was extracted 
with three 100-ml portions of boiling benzene, and the cooled 
extracts were filtered through a 1 in. X 6 in. column of Florisil. 
Evaporation of the eluent to dryness yielded a light yellow solid. 
Unreacted cymantrene (22 g) was removed from the residue by 
extraction with three 100-ml portions of boiling hexane. The 
pale yellow product which remained was recrystallized from 
methylene chloride-heptane to yield 14.6 g (53%) of chloro
mercuricymantrene (3) as yellow needles, mp 132-133° (lit.9 
mp 135-136°). An ir spectrum of this material and 3 prepared 
by Cais’ procedure were identical.

Further elution of the Florisil column with acetone yielded 
small amounts of what appeared to be bis(chloromercuri)- 
cymantrene. The crude material was converted by reaction 
with iodine into an iodinated derivative. Analysis of this prod
uct by gas chromatography indicated the presence of two com
ponents in approximately equal amounts, possibly 1,2- and 1,3- 
diiodocymantrene.

Preparation of Iodocymantrene (4 ).—To a stirred solution 
containing 10.0 g (23 mmol) of chloromercuricymantrene (3) dis
solved in a minimum amount of methylene chloride was added a 
saturated solution of iodine in methylene chloride. Addition 
was continued until the initially fading purple color persisted. 
The contents of the flask were transferred to a 250-ml separatory 
funnel shaken vigorously with two 100-ml portions of sodium 
thiosulfate solution, and then washed with two 100-ml portions 
of water. The organic layer was filtered through a 1 in. X 6 in. 
column of Florisil and the eluent was evaporated to dryness. 
The residual oil was dissolved in hexane and filtered through a 
1 in. X 6 in. column of Florisil. Evaporation of the eluent to 
dryness yielded 6.4 g (84%) of iodocymantrene as a light yellow 
oil which solidified upon cooling. The mp was 33-34° (lit.8 mp 
33-34°). An nmr spectrum exhibited a triplet at t  4.95 (two 
a  protons) and a triplet at 5.28 (two (3 protons).

Preparation of Dicymantrenylmercury (5 ).—Chloromercuri
cymantrene (5.0 g, 11 mmol) was added as a solid to a 250-ml 
flask containing 200 ml of saturated sodium thiosulfate solution. 
The resulting mixture was stirred for 5 hr, after which time the 
suspension was filtered, washed with water, and dried at 100°. 
Recrystallization of the product from methylene chloride-heptane 
afforded 3.4 g (99%) of dicymantrenylmercury as yellow platelets, 
mp 174-175° (lit.9 mp 174.5-175.5°).

Preparation of (Fulvalene)hexacarbonyldimanganese (1) via 
Ullmann Coupling of Iodocymantrene (4 ).—To a 6-in. test tube 
equipped with nitrogen inlet and outlet tubes were added 5.0 g of 
copper-(Zn) powder12 and 1.0 g (3 mmol) of iodocymantrene. 
The tube was thoroughly purged with nitrogen and then immersed 
in an oil bath maintained at 110° for 24 hr. Subsequently, the 
contents of the tube were extracted repeatedly with methylene 
chloride until the extracts were colorless. The combined ex



tracts were evaporated to dryness, and the remaining residue was 
chromatographed on a 0.5 in. X 6 in. column of dry-packed 
Florisil. Elution of the column with hexane produced 0.32 g of 
cymantrene (2) after evaporation of the solvent. Further elution 
with benzene and subsequent evaporation of the solvent pro
duced 0.13 g (22% yield) of (fulvalene)hexacarbonyldimanganese
(1). Recrystallization of the product from methylene chloride- 
heptane afforded yellow platelets, mp 145-146°.

A nal. Calcd for CieHgMmO«: C, 47.32; H, 1.99; Mn, 
27.06; 0 , 23.64; mol wt, 406. Found: C, 47.24; H, 2.02; 
Mn, 27.23; O, 23.59. mol wt 403 (osmometric in benzene), 406 
(mass spectrometry).

Attempted TJllmann Coupling of Iodocymantrene (4) with 
Iodoferrocene.—A 6-in. test tube equipped with nitrogen inlet 
and outlet tubes was purged with nitrogen. To this tube were 
added 5.0 g of copper-(Zn) powder, 0.5 g (1.5 mmol) of iodo
cymantrene, and 2.0 g (6.4 mmol) of iodoferrocene. The tube 
was again flushed with nitrogen and was then immersed in an oil 
bath maintained at 130° for 24 hr. The residue was extracted 
with methylene chloride until the extracts were colorless, and the 
combined extracts were evaporated to dryness. Thin layer 
chromatography of the reaction product showed that complete 
conversion of iodoferrocene into biferrocene had occurred, along 
with the formation of cymantrene (2) and a very small amount of 
(fulvalene)hexacarbonyldimanganese (1). There was no evi
dence for the presence of the mixed product cymantrenylferro- 
cene (6).

Formation of Cymantrenylmagnesium Iodide (8).—A 100-ml 
three-necked flask was equipped with a nitrogen inlet tube, addi
tion funnel, and magnetic stirrer. Powdered magnesium (4.0 g, 
0.16 g-atom) was added, and the flask was thoroughly flamed 
and purged with nitrogen. Anhydrous tetrahydrofuran (25 ml) 
was added, followed by several drops of ethylene bromide to 
activate the magnesium. A solution of 2.0 g (6 mmol) of freshly 
chromatographed iodocymantrene and 2.3 g (12 mmol) of eth
ylene bromide dissolved in 10 ml of tetrahydrofuran was added 
dropwise over a period of 1 hr, the temperature being maintained 
at 25°. The reaction was then stirred for an additional 1 hr, 
at which time Dry Ice was added. The contents of the flask 
were evaporated to dryness in  vacuo, and the resulting residue 
was extracted with three 50-ml portions of water. The combined 
aqueous extracts were filtered and the filtrate was acidified with 
phosphoric acid. The precipitate which formed was extracted 
into ether. The ether extracts were dried over anhydrous sodium 
sulfate and evaporated to dryness, yielding 0.47 g (32%) of 
cymantrenecarboxylic acid (9). Recrystallization of the products 
from  methylene chloride-heptane produced yellow platelets, mp 
195-197° (lit.15 mp 187-197°). A mixture melting point with 
an authentic sample of 9 was undepressed and the ir spectra of 
both compounds were identical.

Reaction of Cymantrenylmagnesium Iodide (8) with Cobalt(II) 
Chloride.— A solution of cymantrenylmagnesium iodide (6 mmol) 
was prepared according to the above procedure. To the Grig- 
nard reagent, cooled to —20°, was added 7.8 g (60 mmol) of 
anhydrous cobalt(II) chloride, and the resulting mixture was 
stirred for 8 hr. The solvent was then evaporated and the 
residue chromatographed on a 1 in. X 6 in. column of Florisil. 
Elution of the column with hexane produced 0.9 g of cymantrene. 
Further elution of the column with benzene produced, after 
evaporation of the solvent, 0.61 g (51%) of (fulvalene)hexa- 
carbonyldimanganese (1). Recrystallization of the product from 
methylene chloride-heptane afforded crystals of mp 145-146°. 
An ir spectrum of the product was identical with that obtained 
for 1 synthesized by the Ullmann reaction.

Formation of Cymantrenyllithium (10).—A 250-ml three
necked flask equipped with stirrer, nitrogen inlet tube, syringe 
cap, and addition funnel was thoroughly flamed and purged with 
nitrogen. Then 1.0 g (1.6 mmol) of dicymantrenylmercury (5) 
was added, followed by 100 ml of a 3:1 ethyl ether-benzene 
mixture. The solution was stirred under nitrogen for 15 min 
and than 4.7 ml (10 mmol) of n-butyllithium was added. The 
solution immediately darkened and became homogeneous. After 
the solution had been allowed to stir for an additional 30 min, 
100 g of Dry Ice was added. The solution was then extracted 
with two 50-ml portions of dilute potassium hydroxide solution. 
The combined extracts were acidified with phosphoric acid, and 
the precipitate which formed was filtered and dried in air, pro
ducing 0.32 g (40%) of cymantrenecarboxylic acid (9). Re
crystallization of the product from methylene chloride-heptane 
yielded yellow platelets, mp 194-196° (lit.16 187-197°); A
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mixture melting point with an authentic sample was undepressed 
and the ir spectra of both compounds were identical.

Reaction of Chloromercuricymantrene (3) with n-Butyllithium.
—To a stirred solution of chloromercuricymantrene (1.0 g, 2 
mmol) dissolved in a 1:1 mixture of benzene-ethyl ether under 
nitrogen was added 2.0 ml (4 mmol) of n-butyllithium in hexane. 
After the reaction had been allowed to stir for 15 min, solid 
carbon dioxide was added and the solvent evaporated to dryness. 
The residue which remained was extracted with two 50-ml por
tions of water, and the combined aqueous extracts were filtered. 
The filtrate was acidified with phosphoric acid, and the resulting 
precipitate was extracted into ethyl ether. The ether extracts 
were dried over anhydrous sodium sulfate, and the solvent was 
evaporated to give 0.22 g (44%) of cymantrenecarboxylic acid
(9). The product was recrystallized from methylene chloride- 
heptane, affording crystals of mp 195-197° (lit.15 mp 187-197°). 
A mixture melting point with an authentic sample of 9 was 
undepressed.

Reaction of Cymantrenyllithium (10) with Cobalt(II) Chloride
A. Prepared from Dicymantrenylmercury (5 ).—A solution of 
cymantrenyllithium (4 mmol) in 3:1 benzene-ethyl ether was 
prepared from dicymantrenylmercury according to the above 
procedure. To this solution, cooled to —20°, were added 5.2 g 
(40 mmol) of cobalt(II) chloride and 20 ml of anhydrous tetra
hydrofuran. The reaction mixture was allowed to warm to room 
temperature and was then stirred for an additional 8 hr. The 
solution was concentrated to dryness in  vacuo and the residue 
which remained worked up in a manner similar to the procedure 
described previously, producing 0.11 g (14%) of (fulvalene)- 
hexacarbonyldimanganese (1), mp 146-147°. An ir spectrum 
was identical with that obtained for asample of 1 prepared by the 
Ullmann method.

B. Prepared from Chloromercuricymantrene (3 ).— A solution 
of cymantrenyllithium (2 mmol) in 3:1 benzene-ethyl ether was 
prepared from chloromercuricymantrene according to the pro
cedure previously described. To this solution, cooled to —20°, 
were added 2.6 g (20 mmol) of cobalt(II) chloride and 20 ml of 
anhydrous tetrahydrofuran. The reaction mixture was allowed 
to warm to room temperature and was then stirred for an addi
tional 8 hr. Work-up as described above produced 0.07 g (17%) 
of (fulvalene)hexacarbonyldimanganese (l), mp 146-147°.

Pyrolysis of Dicymantrenylmercury (5) and Silver Pow der.— 
An intimate mixture of 1.0 g (1.65 mmol) of dicymantrenyl
mercury and 6.0 g (0.05 g-atom) of silver powder20 was added 
to a 1 in. X 8 in. test tube equipped with nitrogen inlet and outlet 
tubes. The system was flushed with nitrogen and then immersed 
in bath of Wood’s metal maintained at 265°. After 15 hr, the 
reaction mixture was extracted repeatedly with methylene chlo
ride until the extracts were colorless, and the combined extracts 
were concentrated to dryness. The residue which remained was 
chromatographed on a 1 in. X 6 in. column of Florisil. Elution 
of the column with hexane produced a small initial band contain
ing 63 mg of cymantrene (2). Further elution with benzene and 
subsequent evaporation of the solvent afforded 0.45 g (67%) of 
(fulvalene)hexacarbonyldimanganese (1), mp 146-147°. A mix
ture melting point with a sample of 1 prepared by the Ullmann 
method was undepressed, and the ir spectra of both compounds 
were identical.

Preparation of Cymantrenylferrocene (6).—A 1 in. X 8 in.
test tube equipped with nitrogen inlet and outlet tubes was 
thoroughly flushed with nitrogen and an intimate mixture of
1.7 g (2 mmol) of dicymantrenylmercury, 1.2 g (2 mmol) of di- 
ferrocenylmercury, and 5.0 g (0.04 g-atom) of silver powder14 
was added. The tube was then flushed with nitrogen and im
mersed in a bath of Wood’s metal maintained at 265°. After 
15 hr, the contents of the tube was extracted repeatedly with 
methylene chloride until the extracts were colorless; the com
bined extracts were concentrated to dryness. Chromatography 
of the residue on a 1 in. X 6 in. dry column of Florisil (elution 
with 6:1 hexane-benzene) produced three bands.

Band I upon evaporation of the solvent yielded 430 mg of 
biferrocene, identified by its ir spectrum. Band II produced 
300 mg (39%) of cymantrenylferrocene (6). Several recrystal
lization of the product from heptane afforded orange platelets, 
mp 89-91°.

A nal. Calcd for C18H13MnFe03: C, 55.71; H, 3.38. Found:
C, 55.61; H, 3.38.
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(20) G . Brauer, “ H andbu ch  der Praparativen  A norganischen C h em ie ,”  
Ferdinand E n ke Verlag, Stuttgart, 1954, p  766.



An ir spectrum (KBr) exhibited absorptions at 3110 (w), 2000 
(s), 1925 (s), 1100 (w), 1100 (m), 1030 (m), 840-880 (m, br), 
690 (w), 660 (s), and 635 cm-1 (s). An nmr spectrum exhibited 
a multiplet at r 5.03 (two a protons on cymantrene ring), a multi- 
plet at 5.24 (two 6 protons on cymantrene ring), a multiplet at
5.60 (two a  protons on ferrocene ring), a multiplet at 5.70 (two 
d protons on ferrocene ring), and a singlet at 5.87 (five protons on 
unsubstituted ferrocene ring).

Elution of band III and subsequent evaporation of the solvent 
afforded 640 mg of (fulvalene)hexacarbonyldimanganese (1), 
identified by its ir spectrum.

Acetylation of (Fulvalene)hexacarbonyldimanganese (1).—A 
100-ml three-necked flask was equipped with a magnetic stirrer, 
condenser, and a nitrogen inlet tube. To this flask was added 
0.5 g (1.2 mmol) of (fulvalene)hexaearbonyldimanganese dis
solved in 25 ml of dry methylene chloride, followed by 0.16 g 
(2.5 mmol) of acetyl chloride and 0.33 g (2.5 mmol) of aluminum 
chloride. The solution was heated to reflux under nitrogen for 
30 min after which time it was poured over 50 g of ice. The 
organic layer was separated, dried over calcium chloride, and 
evaporated to dryness. The remaining residue was then sub
jected to preparative tic (elution with methylene chloride). 
Development of the plate yielded three major bands.

Extraction of band I (highest R i) from the plate and subsequent 
evaporation of the solvent yielded 0.12 g of unreacted 1, mp 146- 
147°. Band II was extracted from the plate and the solvent 
evaporated in  vacuo. Sublimation of the residue which remained 
at 120° (0.01 mm) produced 0.24 g (43%) of (3-acetylfulvalene)- 
hexacarbonyldimanganese (11), mp 116.0-116.5°, as yellow plate
lets.

1922 J. Org. Chem., Vol. 38, No. 10, 1973

A n al. Calcd for CigHioMmOj: C, 48.25; H, 2.25. Found: 
C, 48.27; H,2.44.

An ir spectrum (KBr) exhibited absorptions at 2020 (sh), 2000 
(s), 1965 (s), 1935 (s), 1915 (s), 1680 (m), 1460 (w), 1425 (w), 
1365 (w), 1240 (w), and 620 cm-1 (s). An nmr spectrum ex
hibited a multiplet at r 4.30 (one proton a  to both the acetyl 
group and the ring junction), a multiplet at 4.50 (one proton a  to 
acetyl group and 0 to ring junction), a multiplet at 4.92 (three 
protons; one proton (i to acetyl group and «  to bridging carbon 
plus two protons a  to bridging carbon), a multiplet at 5.16 (two 
protons 6  to bridging carbon), and a singlet at 7.64 (three protons 
of the acetyl group).

Band III yielded a product tentatively identified as an addi
tional acetylation product of 1. An ir spectrum of the product 
(KBr) exhibited strong absorptions at 2020, 1970, and 1680 
cm-1.

Registry No.—1, 31988-02-0; 2, 12079-65-1; 3, 
12203-10-0; 4,12079-63-9; 5,12216-27-2; 6,37048-11- 
6; 7, 1274-09-5; 8, 38855-99-1; 10, 38856-00-7; 11, 
38856-01-8; cobalt(II) chloride, 7646-79-9.
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We report the results of INDO and MINDO calculations on the ring openings of cyclopropanone and some of 
its derivatives and compare the semiempirical results for the parent compound with the ab initio results reported 
earlier. Both semiempirical methods indicate that the substituted cyclopropanones open more readily than the 
parent compound, but the actual numerical values are not accurate. The major shortcoming of the semiempiri
cal methods is that one never knows when to believe their predictions.

A large number of successful applications of the 
INDO and MINDO methods have been reported.2-5 
However, in a semiempirical approach the parameters 
are either not sufficiently flexible or not sufficiently 
accurate, and examples are bound to exist where these 
methods fail. It has already been reported that the 
ring opening of cyclopropanone 1 to singlet oxyallyl 2 is

I 2
such a case.6 The INDO method predicts a value in 
excess of 200 kcal/mol, which is certainly too large.6'7 
The MINDO method has been reported to yield a more 
reasonable value, 78 kcal/mol, for the isomerization.6

(1 ) A ddress for correspondence.
(2) (a) J. A . Pop le, D . P . Santry, and G . A . Segal, J .  C h e m . P h y s . ,  43, 

S129 (1965) ; (b ) J. A . P op le  and G . A . Segal, i b i d . ,  43, S136 (1965).
(3) J. A . P op le  and D . L . B everidge, “ A p prox im ate  M olecu lar T h e o ry ,”  

M cG ra w -H ill, N ew  Y ork , N . Y .,  1970.
(4) M . J. S. D ew ar and E . H aselbaeh, J .  A m e r .  C h e m . S o c . ,  92, 590 (1970).
(5) N . B od or, M . J. S. D ew ar, A . H arget, and E . H aselbaeh, J .  A m e r .  

C h e m . S o c . ,  92, 3854 (1970).
(6) J. F . O lsen, S. K an g , and L . Burnelle, J .  M o l .  S t r u c t . ,  9 , 305 (1971).
(7) A . Liberles, A . G reenberg, and A . Lesk, J .  A m e r .  C h e m . S o c . ,  94, 8685 

(1972).

However, as we shall see, this method also fails in 
several substituted cases, predicting that the corre
sponding oxyallyls are considerably more stable. An 
extended Hiickel study on the parent system also 
predicts oxyallyl to be more stable than cyclopropa
none,8 a result now known to be incorrect.9,10

An ab initio study indicates that singlet oxyallyl is 
83 kcal/mol less stable than the closed ketone.7 Be
cause it does not include correlation, this value is 
probably too high.

Even allowing for some decrease, the energy differ
ence between 1 and 2 is likely to remain large; yet, in 
contrast to the parent compound, some derivatives of 1 
undergo reactions best explained in terms of an oxyallyl 
intermediate.11-16 Concerted reactions need not pass

(8) R . H offm ann , J .  A m e r .  C h e m . S o c . ,  90, 1475 (1968).
(9) J. M . P och a n , J. E . B aldw in , and W . H . F lygare, J .  A m e r .  C h e m . S o c . ,  

91, 1896 (1969).
(10) J. M . P ochan, J. E . B aldw in, and W . H . F lygare, J .  A m e r .  C h e m .  

S o c . ,  90, 1072 (1968).
(11) N . J. Tu rro, A c c o u n t s  C h e m .  Res., 2 , 25 (1969).
(12) N . J. Tu rro, R . B . G agosian, S. E . E delson , T . R . D arling, J. R . 

W illiam s, and W . B . H am m on d, Trans. N .  Y .  A c a d .  S c i . ,  33, 396 (1971).
(13) J. G . B urr and M . J. S. D ew ar, J .  C h e m . S o c . ,  1201 (1954).
(14) A . S. K ende, O r g . R e a c t . ,  11, 261 (1960).
(15) D . B . Sclove, J. F . P azos, R . L . C am p, and F . D . G reene, J .  A m e r .  

C h e m . S o c . ,  92, 7488 (1970).
(16) S. F . E delson  and N . J. Tu rro, J .  A m e r .  C h e m . S o c . ,  92 , 2770 (1970).
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through a true oxyallyl, but a number of reactions re
main that do seem to require an oxyallyl. Therefore, 
these substituted oxyallyls must be formed much more 
readily than the parent molecule. For example, it has 
been reported that the racemization of optically active 
ircms-2,3-di-ierf-butylcyclopropanone, which may pro
ceed by way of the corresponding oxyallyl, has a free 
energy of activation of approximately 27 kcal/mol.15 
It, therefore, seemed quite a proper test of the semi- 
empirical SCF methods to determine their predictions 
for the ring opening of substituted cyclopropanones.

Ring Opening of Cyclopropanone. —The ring opening 
of the parent system was first calculated using both the 
INDO and MINDO methods.17 The energies of cyclo
propanone, using several geometries, are presented in 
Table I.

T a b l e  I

T h e  E n e r g y  o f  C y c l o p r o p a n o n e

R ef MINDO, eV INDO, hartrees
a -759 .941 -4 1 .0 2 8
b -759 .452
c -75 9 .43 2
d -4 0 .9 9 6

“ The experimental geometry of Pochan, Baldwin, and Fly- 
gare; see ref 9 and 10. b The optimal geometry of Bodor, Dewar, 
Harget, and Haselbach. The CBU angle was 115°. See ref 5. 
c The optimal geometry of Bodor, Dewar, Harget, and Haselbach. 
The CH2 angle was 120°. See ref 5. d The optimal geometry of 
Olsen, Kang, and Burnelle; see ref 6.

Apparently, the experimental geometry of Pochan, 
Baldwin, and Flygare9'10 is nearly optimal both for the 
INDO approach and for our version of M IN DO.17 
As shown in Table I, we did test the geometry reported 
to be optimal for MINDO,6 but the experimental 
geometry gave a lower energy.

The energy of singlet oxyallyl 2 was next calculated 
for various internal C3-C i-C 2 angles, a. The results 
are given in Table II.

T a b l e  I I

T h e  E n e r g y  o f  O x y a l l y l  f o r  V a r i o u s  I n t e r n a l  A n g l e s

a , deg M IN D O , eV IN D O , bar tree'1 IN D O , hartree4

120 -756.888 -40.600 -40.618
110 -757.031 -40.616 -40.634
100 -757.187 -40.630 -40.647
90 -757.398 -40.640 -40.657
80 -757.753 -40.633
70 -758.375 -40.535

° Reference 6. 6 Present work ; also see ref 7.

yields 232 kcal/mol for the ring opening and a value 
of 90° for a in oxyallyl. The ab initio result is 83 kcal/ 
mol for the ring opening and approximately 105° for a. 
The MINDO method affords a value of 36 kcal/mol and 
a is in the neighborhood of 70°.17

A fuller optimization of the various structural para
meters will somewhat change these values but not the 
conclusions.

Ring Opening of Substituted Cyclopropanones.—
The substituted molecules 3 and 4 were derived from

the parent compounds by replacing hydrogens with the 
appropriate groups. An internal angle of 90° was 
chosen for the INDO calculations of the oxyallyls, 
while MINDO results were obtained for both 70 and 
90°. The latter value allows a comparison of the two 
methods when identical bond distances and angles are 
employed.

Bond distances were obtained from model com
pounds,18 and those used are shown in Table III. The

T a b l e  I I I  

B o n d  D i s t a n c e s  in

S u b s t i t u t e d  C y c l o p r o p a n o n e s  a n d  O x y a l l y l s

Substituent 3 4

F 1.350 1.340
c h 3 1.530 1.510
c h 3o 1.400 1.350
Methoxy CO 1.420 1.430
Methyl CH 1.100 1.100

energies for the isomerization are given in Table IV. 
We assumed that the opening of 3 was disrotatory, and 
of the two disrotatory modes, we chose the one placing 
bulky groups into positions Ri and IF.

The numerical values afforded by the two semi- 
empirical methods are incorrect, but both methods do 
indicate that substituted cyclopropanones open more 
readily than the parent compound. The methoxy 
group, as expected, appears to be an extremely effective 
stabilizer of the ring-open form. Fluorine also appears 
to enhance the ring opening, but methyl is calculated 
to be less effective.

Oxyallyl is predicted by the INDO treatment to have 
an internal angle equal to 90°. The MINDO method 
indicates a smaller value for a. Unfortunately, the 
60° geometry failed to converge with this method, and 
the 50° geometry places the endo hydrogens, H2 and 
H3, too close to be practical (dun = 0.0002 A). There
fore, the smallest internal angle for which MINDO 
data are available is 70°.

Since the ab initio calculation7 employed exactly the 
same bond distances as those used in the present work, 
it is possible to make a direct comparison of the pre
dictions of the various methods. The INDO approach

(17) T h e version o f  M IN D O  used was Q C P E  137, w hich  uses different 
param eters from  those o f  ref 5 and leads to  different results.

Conclusion

The data in Table IV support the idea that oxyallyls 
can be viable intermediates in the reactions of cyclo
propanones, for both methods indicate that the sub
stituted compounds open more readily than the parent 
molecule. Unfortunately, the actual numerical values 
are of little use. One method yields values that are 
much too large, while the other gives values that are 
obviously too low. The MINDO values for the 
parent system and its dimethyl derivative may not seem

(18) "T a b le s  o f  In teratom ic D istances and C onfigurations in M olecu les 
and Ion s ,”  T h e  C h em ica l S ociety , L on don , Special Pu blication s no, 11 and 
18.
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Table IV
The Energy Difference between Substituted Oxyallyls and the Corresponding Cyclopropanones

R e g istry  no.& R i R2 R . R .
M IN D O  

a  70°

— AE ,  k ca l/m o l-------
M IN D O  

a  90°
IN D O  
a  90°

5009-27-8 H H H H +36 +59 +232
39050-15-2 F H H F a +20 +  184
39050-16-3 F F H H -153 +  15 +203
39050-17-4 CH3 H H c h 3 +30 +  50 +200
39050-18-5 c h 3o H c h 3o H -9 3 +  13 +  180
39050-19-6 c h 3o c h 3o H H -9 6 + 2 +  174
39050-20-9 c h 3 F F CH3 a +  14 +  190
39050-21-0 c h 3o F c h 3o F -3 1 +  24 +  153
39050-22-1 c h 3o c h 3o F F -3 2 +30 +  150

° The oxyallyl calculation failed to converge. 1 For cyclopropanones.

unreasonable, but the values for the fluoro and methoxy Registry No.—Oxyallyl, 39050-23-2.
derivatives are incorrect, and the major shortcoming of
the semiempirical methods is that one never knows Acknowledgment.—The authors gratefully acknowl-
when to believe their predictions. edge the National Science Foundation for its support.
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Phenyl and p-tolyl benzoates are converted to the corresponding hydroxybenzophenones in 70-75% yields 
when heated in anhydrous HF at 55°. With p-ierf-butylphenyl benzoate the reaction product is the dealkylated 
p-hydroxybenzophenone, whereas the meta derivative gives 2-hydroxy-4-ieri-butylbenzophenone in 40% yield. 
This appears to be the first example of a ieri-butyl group being retained on a phenolic moiety during an acid-cat
alyzed Fries rearrangement. Comments on the mechanism and intermolecularity of the reaction are given.

Known as the Fries rearrangement,2 the reaction of 
aryl esters in the presence of acidic type catalysts, 
usually AlCh, provides a convenient method for pre
paring hydroxybenzophenones. Hydrogen fluoride has 
received little attention as a catalyst for the rearrange
ment, although it has been reported to convert phenyl 
acetate8 and some cresolic acetates4 to the corre
sponding hydroxy ketones. The yields were low and 
a temperature of 100° for 24 hr was employed.3 No 
work in HF has been reported with ieri-butyl groups 
present on the phenolic ring; in fact, nothing in the 
literature could be found concerning favorable re
actions with any ieri-butylphenyl carboxylates em
ploying any acid catalyst. Dealkylation always pre
vails, which led Kobsa6a to utilize the photo-Fries5b 
reaction for the rearrangement of ieri-butyl esters.

Results

The present work describes our findings concerning 
rearrangement of some aryl benzoates in liquid HF, 
with special emphasis on the reactivity differences due

(1 ) F or paper I I I ,  see J. R .  N orell, J .  O rff. C h e w ,., 37, 1971 (1972).
(2) F or review  articles, see (a) M . J. S. D ew ar and L . S. H art, T e t r a h e d r o n , 

26, 973 (1970); (b ) H . J. Shine, “ A rom atic  R earran gem ents," Elsevier, 
N ew  Y ork , N . Y .,  1967, p 72; (c) A . G erecs in  “ F ried e l-C ra fts  and R ela ted  
R ea ction s ,”  Y ol. I l l ,  P a rt I, G . A . Olah, E d ., Interscience, N ew  Y ork , N . Y ., 
1967, C h apter X X X I I I ,  p p  49 9 -5 3 3 ; (d) A . N . B latt, O r g . R e a c t . ,  1, 342 
(1942).

(3) J. H . Sim m ons, S. A rcher, and D . I . R andall, J .  A m e r .  C h e w .  S o c . ,  62, 
485 (1940).

(4) O. D an n  and G . M ylius, J u s t u s  L i e b i g s  A n n ,  C h e m ., 587, 1 (1954).
(5) (a) H . K obsa , J .  O r g . C h e m ., 27 ,2  293 (1962 ); (b ) D . Bellus and P. 

H rd lov ic, C h e m . R e v . ,  67, 599 (1967).

to positions of ieri-butyl groups on the phenolic ring. 
A summary of the experimental results is recorded in 
Table I. Phenyl and p-tolyl benzoate yield p-hy- 
droxybenzophenone (70% yield) and 2-hydroxy-5- 
methylbenzophenone (76% yield), respectively, when 
shaken in liquid HF at 55° for 4-6 hr. The reaction is 
clean and the HF can easily be removed by distillation 
(bp 20°) or neutralization with base. No tars or 
insoluble residues often observed with A1C13 are ob
tained. If 3% water is present in the HF when 
p-tolyl benzoate is used as the starting ester, the 
isolated yield of ketone 1 drops to 52%, and 41%

p-cresol is recovered resulting from hydrolytic cleavage 
of the ester.

p-M ethoxyphenyl and p-chlorophenyl benzoates 
gave recovered starting material with p-methoxyphenol 
being obtained in the former case under the above con
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ditions. Little evidence was observed for the presence 
of rearranged ketone. The products isolated from a 
similar reaction with p-ethyl- and p-isopropylphenyl 
benzoates consisted of benzophenones with no un
reacted starting materials.

The terf-butylphenyl benzoates, both mono- and 
disubstituted, vary in reactivity depending on the 
position of nuclear substitution. As equated below, 
p-ierf-butylphenyl benzoate (2) gave only p-hydroxy-

+  v iscou s gums

benzophenone under a variety of conditions. The 
viscous gums are probably polybutylencs and highly 
substituted phenols. No reaction products were iso
lated or identified possessing the ¿erf-butyl moiety. 
In contrast, the meta isomer (3) at room temperature

OCOAr

3, a temperature-dependent reaction is observed, for, 
if 6 is allowed to react at 0° or 30°, the cleavage product,
3,5-di-terf-butylphenol, is recovered and none of the 
ketone is observed.

OH

+
starting material

gave a 40% yield of the desired 2-hydroxy-4-ferf- 
butylbenzophenone (4). A striking temperature effect 
exists in that at 0° only the cleavage products, m-tert- 
butylphenol and benzoyl fluoride, are identified in 
addition to some starting material.

That the above reaction is clearly an artifact of the 
temperature difference gains credence from two simple 
observations during work-up. (1) No bands in the 
infrared attributable to the benzophenone (6.1 m) are 
observed in the crude reaction mixtures when run at 0°. 
This band is very strongly present in the crude mixture 
of the 30° runs and is characteristic of 4. (2) Com
pound 4 is bright yellow and imparts this color to the 
crude mixture in the 30° run, whereas at 0° the crude 
reaction mixture is cream colored. Whether or not 
this was a kineticallv controlled run is not certain, but, 
in any case, cleavage products were observed at 0°. To 
our knowledge this is the first report of a ierf-butyl group 
being retained on the phenolic ring under acid-catalyzed 
Fries rearrangement conditions.

With two ¿erf-butyl groups in the molecule the re
action is even more complex. 2,4-Di-ierf-butylphenyl 
benzoate (5) yields only a dark oil at 55° after 4 hr, 
which is typical of many reactions carried out at varying 
conditions with this isomer. If the ¿erf-butyl groups 
are translated to the next succeeding carbons around 
the ring, i.e., in 6, the monoalkylated product, 4, is 
isolated when run at 55° for 4 hr. As with compound

Discussion

The observation that ¿erf-butyl groups in the meta 
position dealkylate to a lesser extent than those in the 
ortho or para position may be explained by invoking 
basic resonance and equilibrium principles of aromatic 
substitution on the free phenol. The electronegative 
sites on prferf-butylphenol drawn in the canonical forms 
are shown.

:OH +OH +OH +OH

The concept of using the free phenol appears valid, 
since in HF the cleavage products, the phenol and acyl 
fluoride, are observed. Dealkylation probably occurs 
on the free phenol, since a subsequent paper describes 
such a reaction of ¿erf-butylphenols6 in liquid HF.

On protonation of phenol a reversible attack of the 
proton can occur at any one of the three sites—two 
orthos and one para. If a labile group, i.e., a ¿erf-butyl, 
is also present in either the ortho or para position, then 
at a specific rate dealkylation will occur. The loss of a

(6) J. R . N orell, J .  O r g . C h e m .,  88, 1929 (1973).
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T a b l e  I

R e a c t i o n s  o f  A r y l  B e n z o a t e s  i n  HF

Norell

o
II

ArOCeHs, T em p, T im e,
Ar

c 6h 6
Registry no.

93-99-2
Mmol

76
HF, ml 
150

°C
55

hr
4

4-CH3C6H4 614-34-6 71 150 55 6

4-CH3C6H4 71 150« 55 4

4-C2H&C6H4 3132-15-8 66 150 55 4

4-CH3OC6H4 1523-19-9 66 150 55 4

4-ClC6H4 2005-08-5 64 150 55 4

4-t-C3H7C6H4 13936-99-7 62 150 55 4

4-£-C4H9C6H4 14041-81-7 59 100 25 2

4-i-C4H9C6H4 59 150 55 1

3-/-C4H gCeH* 13189-56-5 59 100 25 2

3-£-C4H 9CeH4 59 100 0 2

2,4-Di-£-C4H9C6H3 39000-49-2 48 150 55 4

3,5-Di-£-C4H 9CgH3 5723-92-2 48 100 0 2

3,5-Di-£-C4H9C6H3 48 100 30 2

3,5-Di-i-C4H9C6H3 48 150 55 4

a 5 ml of H2O was added.

(eri-butyl would be much less pronounced when placed 
in the meta position. The fate of the ferf-butyl 
group is probably a combination of oligomerization and 
transalkylation, giving a large array of products. 
The disproportionation of ferf-butylphenols has been 
studied over zeolites7 and also was found to occur 
independently in HF.6

Theories and speculations on the mechanism of the 
Fries rearrangement are nearly as varied as the number 
of investigators in the field. Furthermore, the type of 
catalyst and even different quantities of the same 
catalyst at different temperatures provide interpréta-

(7) A. P. Bolton, M. A. Lanenala, and P. E. Pickert, J. Org. Chem., 33,
3415 (1968).

/—— P rodu ct— —■« 
R e co v - 

g ery, % D escription  o f p rod u ct

14.8 99 Orange solids, recrystallized (hexane-CHCl3),

14.5 97

10.5 g, p-hydroxybenzophenone (70% yield), 
mp 132-133.5°.

Yellow solids, recrystallized (MeOH), 11.5 g,

12.1 81

2-hydroxy-5-methylbenzophenone (76% 
yield), mp 83.5-85°.

Yellow solids consisting of p-cresol (41%),

14.0 93

2-hydroxy-5-methylbenzophenone (52%), 
and p-tolyl benzoate (7%) by glc.

Yellow liquid, ir indicated mostly benzo-

11.2 75
phenones; no attempt at characterization. 

Recrystallized (hexane +  EtOH), pale yellow

13.0 87

solid (6.0 g), mp 72-81°, infrared of crude 
indicated ca. 50% starting ester and 50% 
p-methoxyphenol, very little benzophenone. 

Recrystallized (pentane), white crystals (8.1 g),

15.2 100
mp 84-87°, mostly starting material.

Glc and ir indicated very little starting ma

11.7 78

terial, with the principal product being 
hydroxybenzophenones; no further 
characterization.

Yellow, viscous liquid, ir indicated no starting

14.2 95

material, dilution with pentane gave 2.3 g 
of p-hydroxybenzophenone.

Oil which crystallized on standing for several

13.1 87

days, pentane trituration gave 3.9 g of 
p-hydroxybenzophenone, mp 131-133°. 

Pale yellow liquid, recrystallized (MeOH),

13.7 91

5.6 g of yellow crystals, 2-hydroxy-4-ierf- 
butylbenzophenone (37% yield), mp 80-81°. 

Yellow liquid, infrared indicated m -tert-

12.6 84

butylphenol, PhCOF, and starting material, 
no indication of the desired product.

Dark oil, very little starting material ; no

13.0 87
benzophenones were isolated.

Pale yellow liquid, crystals separated, washed

13.5 90

with pentane, gave 3,5-di-ierf-butylphenol 
(3.9 g), mp 92-93.5°.

Yellow liquid, crystallized to give 3,5-di-ierf-

13.4 89

butylphenol (1.5 g); infrared of crude indi
cated phenols, Ph-COF, and unreacted ester 
with no indication of any benzophenone. 

Yellow solids, recrystallized twice, from
¿-PrOH-H20  then ¿-PrOH, gave 1.25 g of 
yellow solids, 2-hydroxy-4-ierf-butylbenzo- 
phenone, mp 81-82°, no unreacted ester 
present.

tions of the reaction path which show little similarity.2 
Dewar and Hart2a have recently made an excellent 
attempt at clearing some of the confusion. The 
chief difference is whether the reaction is intermolecular 
or intramolecular, and even here terms such as “ pseudo- 
intramolecular”  are recorded.2 No speculations or 
mechanistic studies using HF as the catalyst, which 
differs considerably from the usual aluminum halides,8 
have been recorded. From the data gathered thus far 
in this work and that gleaned from the literature, we 
presently favor the intermolecular path as shown below 
for the rearrangement of phenyl benzoates. The

(8) R eferen ce  2 provides a thorough  review  o f the m echanism  o f th e  AlXa 
type o f  Fries rearrangem ents.
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Table II
P r e p a r a t i o n  o f  A r y l  B e n z o a t e s “

Substituted

A ryl group
phenol,

m ol
CeHsCOCl,

m ol
Pyridine,

m ol R ecrystn  solvent
Yield ,

%
,-------------------------M p , ° C -

F ou nd Lit.

p-Tolyl 1.00 1.00 1.10 Hexane 82 70-71.5 70*
p-Ethylphenyl 1.00 1.00 1.10 Hexane 72 57-59 e o d

p-Isopropylphenyl 0.50 0.50 0.50 Hexane 78 72-74 69-70*
p-i-Butylphenyl 1.00 1.00 1.00 Hexane-EtOH 81 81.5-83 83'
m-i-Butylphenyl 0.50 0.50 0.53 Liquid 78 136 (9.2 mm)' g
2,4-Di-fert-butylphenyl 0.75 0.75 0.85 Hexane 4 5 h 98-100 98'
3,5-Di-ieri-butylphenyl 0.30 0.30 0.32 MeOH (9 y 75 80-82 82.5-83A

p-Chlorophenyl 1.00 1.00 1.10
H20  (1) 

¿-PrOH 83 86-87 88*
p-Methoxyphenyl 1.00 1.00 1.10 Hexane-EtOH 80 85-37 87*

° All reactions were run in toluene (11.) at reflux for 18-20 hr. b Run for 65 hr. « » 20d 1.555. * N. D. Oheronis and J. B. Entrikin, 
“ Semimicro Qualitative Organic Analysis,” 2nd ed, Interscience, New York, N. Y., 1957, p 680. e R. L. Huang and F. Morsingh, J . 
Chem. Soc., 160 (1953). '  C. A. Sears, J . Org. Chem., 13, 120 (1948). " Bp 186-188 (11 mm). R. L. Van Etten, G. A. Clower, J. F. 
Sebastin, and M. L. Bender, J . A m er. Chem. Soc., 89, 3253 (1967). h J. W. Elders and R. P. Mariella, Can. J . Chem,., 41, 1653 (1953).

trimer form of HF is used here as the catalyst, since it 
displays the more ideal complexation forms, shown below.

3HF H2F -•-HF2

Initially a protonic cleavage step occurs, as follows.
— + + —

OCOAr OH2F COHF2

the ortho derivative being obtained. Dewar and Hart 
suggest that an intramolecular reaction occurs only 
when the ortho/para ratio is close to unity. The 
benzoyl carbonium ion tends to go para in the inter- 
molecular reaction because of the high charge due to 
the +H2F cation complex in the vicinity of the ortho 
position.

h , f - h f 2 OJ
phenol + ArCOF

Then, when carried out at 55°, an irreversible acylation 
takes place.

Although this paper is not intended to be mech
anistically inclusive, the foregoing scheme is sup
ported by the following observations.

(1) At 0° the cleavage products are readily isolated, 
and this step is reversible since benzoyl fluoride and 
phenol give phenyl benzoate in HF. In the A1C1S 
system, the counterpart to an acyl fluoride is not capable 
of isolation because it exists only as a complex. The 
reaction of benzoyl fluoride and a phenol in HF to 
form esters appears to be a novel reaction.

(2) HF is not as strong a x-type complexation agent 
as is AlClg and will tend to be bound more to the oxygen 
atom rather than form x-coordination complexes with 
the aromatic ring. Also, HF possesses both Lewis and 
Brpnsted type acid characteristics, which would tend 
to facilitate protolytic cleavage and an intermolecular 
reaction. A1C13 has only Lewis type of acidity.

(3) With phenyl benzoate in HF at 55°, p-hydroxy- 
benzophenone is the major product with very little of

Experimental Section
Infrared spectra were recorded on a Perkin-Elmer Infracord; 

nmr spectra were run on a Variar. A-60 spectrometer and the 
mass spectra were obtained on a CEC mass spectrometer, Model
21-110. Gas chromatography was employed for studying the 
volatile components with an F & M Model 500 gas chromatograph 
using a 6-ft, 10% Apiezon L on Chromosorb W.

Chemicals.— Caution! When handling anhydrous HF, a face 
shield, rubber gloves with plastic arm bands, and a protective 
apron should be worn, and excellent hood facilities are required. 
Colorless hydrogen fluoride (99.9% from Air Products, Inc., 
Allentown, Pa.) was withdrawn in the liquid phase by inverting 
the cylinder and taking off liquid HF through a Monel Hoke 
valve in addition to the cylinder valve. The liquid HF was 
allowed to drip directly into a polyethylene graduate, where it 
readily condensed with very little loss as a fuming liquid; it was 
then poured into a 300-ml Monel transfer bomb.

Aryl Benzoates.—The starting esters (Table II) were all syn
thesized b y  reaction of benzoyl chloride with the appropriately 
substituted phenol (all commercially available) in refluxing tol
uene in the presence of pyridine. The example below illustrates 
a typical run taken from Table II with the other benzoates being 
prepared similarly.

4-iert-Butylphenyl Benzoate.—In a 2-1. flask equipped with a 
Trubore stirrer, thermometer, reflux condenser, and dropping 
funnel were placed successively 750 ml of toluene, 150.2 g (1 mol) 
of p-ferf-butylphenol, and 79.1 g (1.0 mol) of pyridine. Benzoyl 
chloride (140.6 g, 1.0 mol) was added over a period of 15 min and 
the mixture was stirred at reflux temperature overnight. After 
being washed with an equal volume or water, then 10% HC1, 
water, 10% NaOH, and finally water, the toluene solution was 
dried over MgSOi. Concentration on a rotating evaporator 
gave 235.8 g of crude ester. Recrystallization from »-hexane- 
ethanol yielded 205.5 g (81% yield) of white crystals, mp 81.5- 
83°.

General Procedure for Effecting the Fries Rearrangement in
H F.—Either a 300-ml Monel reactor (for reactions above room 
temperature) or a 450-ml polyethylene vessel was cooled in ice 
and the specified amount of HF (usually 100-150 ml) was added 
under a nitrogen stream to exclude moisture. The ester was 
added and the mixture was shaken in a reciprocating shaker 
(Monel reactor) or stirred magnetically (polyethylene vessel) at 
the desired temperature and time. After completion of the reac
tion the mixture was poured into ice water and extracted with 
ether. The ether solution was shaken vigorously with saturated 
NaHCCb until neutral, washed with water, and dried over 
MgSO,. Concentration gave the crude products as shown in
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Table I. The residue was purified by crystallization, column 
chromatography, or distillation. Product characterization was 
made by comparison with authentically prepared samples, gas 
chromatography, ir, and nmr. The following two examples dis
play the general method in detail.

2-Hydroxy-4-fer/-Butylbenzophenone from 3-iert-Butylphenyl 
Benzoate.— Anhydrous HF (100 ml) was added to an ice-cooled 
300-ml Monel reactor followed by dropwise addition of 3-tert- 
butylphenyl benzoate. The reactor was capped with a pressure 
head and shaken at 25 ° for 2 hr. Most of the HF was allowed to 
distil from the reactor and the contents were poured on ice. 
After extraction with ether, the combined organic layers were 
shaken with saturated NaOH and dried over MgS04. Concen
tration provided 14.0 g of a yellow liquid which tended to crys
tallize on standing. After vacuum distillation [maximum of pot 
145° (0 .5  mm)] to remove any volatiles, the pot residue, 10.5  g, 
was recrystallized from methanol to give 5.9 g (40% yield) of 
yellow crystals, mp 80.5-81.5°. Analysis is detailed below.

2-Hydroxy-4-ieri-Butylbenzophenone from 3,5-Di-ieri-Butyl- 
phenyl Benzoate.—The ester (15.0 g) was placed in 150 ml of 
HF in the Monel reactor and heated at 55° for 4 hr. The HF 
was allowed to evaporate and the residue was poured on ice, 
neutralized with NaHCOj, extracted with ether, dried (MgS04), 
and concentrated to give 13.5 g of a yellow oil. Crystallization 
was achieved by dissolving the oil in 50% isopropyl alcohol and 
cooling in a Dry Ice-acetone bath. Recrystallization from iso
propyl alcohol gave 1.25 g of yellow crystals: mp 81-82; uv 
max (EtOH) 3500 m; ir (3.5% CHC13) 6.17 m (C = 0 ).

A n a l. Calcd for C17H180 : C, 80.30; H, 7.12; mol wt, 254. 
Found: C, 80.23; H, 7.21; mol wt, 260 (osmometry).

Complete structure proof was as follows. The mass spectrum 
contained a parent ion at 254 with strong peaks observed for the 
fragments shown at m/e 105 and 177, respectively. Ir and nmr

o ’
+ . -

0II

and
X— '^ O H

m/e 105 m/e 177

dilution studies indicated that the OH was in the 2 position be
cause of strong intramolecular hydrogen bonding. This was 
evident by the strong downfield shifting of the hydroxyl proton, 
-7 2 8  Hz.

The position of the ieri-butyl group was determined by nmr 
using an NMRIT analysis. An exact fit of the theoretical anal
ysis of the aromatic protons with that of the experimental spec
trum was obtained: W i = —450.0 Hz, J n  = 8 .6  Hz; W * = 
-410.5 Hz, J 13 =  0.3 Hz; W s =  -422.0 Hz, J n = 1.9 Hz.

It is well known9 that the ortho coupling constants fall into the
(9) J. W . E m sley, J. Feeney, and L . H . Sutcliffe, “ H igh  R esolu tion  N u

clear M agn etic  Spectroscopy ,”  V ol. 2, P ergam on  Press, N ew  Y ork , N . Y . ,  
1966, p 770.

range of 7-9 Hz, meta 1-3 Hz, and para 0-1 Hz. Thus J n  is an 
ortho coupling constant, Jn  para, and J23 meta. The proton 
arrangement is therefore identified as follows.

H3

Irrespective of substituents, the proton ortho to the carbonyl 
group will experience the maximum of deshielding and wiil fall 
in the range of —440 to —470 Hz. Thus the carbonyl must be

located as shown. Since the hydroxy group forms an intramo
lecular hydrogen bond, the structure is 4.

3-ieri-Butylphenyl Benzoate.—Anhydrous HF (100 ml) was 
placed in a 450-ml high-density polyethylene (Marlex) reactor10 
and cooled to —10°. Benzoyl fluoride (freshly distilled, 12.4 g, 
0.10 mol) was added followed by m-ieri-butylphenol (15.0 g, 0.10 
mol). The mixture was stirred at —10° for 2 hr, poured on ice, 
and extracted with ether and the ether extracts were washed with 
saturated NaHC03. Drying with MgS04 and concentration 
provided 23.2 g of a pale yellow liquid. The infrared spectrum 
of the crude material indicated the presence of m-ieri-butylphenol, 
benzoyl fluoride, 3-ieri-butylphenyl benzoate, and a trace of 4- 
teri-butyl-2-hydroxybenzophenone. Distillation gave 13.4 g of 
the colorless product, bp 130-134° (0.2 mm). A similar run 
with p-iert-butylphenol at —40° gave a 75% yield of ieri-butyl- 
phenyl benzoate, mp 81.5-83°. The pure compounds were 
characterized by comparison of their physical properties with 
those of authentically prepared esters.

Registry No.—Hydrogen fluoride, 7664-39-3; p- 
hydroxybenzophenone, 1137-42-4; 2-hydroxy-5-me- 
thylbenzophenone, 1470-57-1; 2-hydroxy-4-lert-butyl, 
benzophenone, 39000-51-6; 3,5-di-iert-butylphenol, 
1138-52-9.
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(10) See J, R . N orell, J .  O r g . C h e m ., 35, 1617 (1970), for a d escrip tion  o f 
the reactor.
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In temperature ranges of — 75 to 100° o-, m~, and p-teri-butylphenols (TBP) isomerize and disproportionate 
in liquid hydrogen fluoride to varying extents depending on the temperature. At —40° the ortho isomer is 
isomerized exclusively to the para isomer. Above 0° the meta isomer tends to predominate and reaches a maxi
mum of 86% of the total monoalkylated fraction beginning with o- or p-TBP. At 30-75° transalkylation to phenol 
and di-TBP occurs with the 3,5-di-TBP being preferentially formed. Above 75° extensive degradation of the 
molecule occurs with phenol and heavy tars being formed. Phenol is alkylated with isobutylene using catalytic 
amounts of HF to form the p-TBP and 2,4-di-TBP at 25°, but if solvent quantities of HF are used the m- and
3,5-di-TBP are obtained.

In the preceding paper1 the Fries rearrangement of 
substituted phenyl benzoates was discussed. It was 
shown that when tert-butyl groups are on the phenolic 
ring there is a tendency toward dealkylation. De
pending on the ring position, this dealkylation may be 
very extensive. For example, p-ferf-butylphenyl ben
zoate gave only dealkylated p-hydroxybenzophenone, 
whereas the meta isomer gave a 40% yield of the 
Fries product, 2-hydroxy-4-terf-butylbenzophenone. 
We now make similar observations for the free tert- 
butylphenols (TBP), since the most stable TBP in 
liquid HF is the meta isomer. Also to be expanded in 
this report is the fact that the 3,5-di-TBP is the most 
stable disubstituted isomer and that alkylation of 
phenol with isobutylene in liquid HF can give both 
wi-mono- and 3,5-di-TBP instead of the classical 
ortho and para derivatives.

The literature reports considerable work on reactions 
of fert-butylphenols with various acid catalysts, but no 
reports could be found in which HF alone was em
ployed.2 In an excellent study on isomerization of 
terf-butylphenols, Bolton, et al,,3 using type Y zeolite 
catalysts at 100-200°, found that isomerization is 
always accompanied by transalkylation. The equilib
rium distributions at 200° are approximately 1% 
ortho, 72% meta, and 25% para in the monophenol 
fraction with the dialkyl fraction consisting of 2%
2,6-, 83% 3,5-, 5% 2,4-, and 10% 2,5-di-TBP. These 
workers further demonstrated that the formation of 
the meta derivatives is attributable to the trans
alkylation of the ortho and para phenols and not to 
direct alkylation.

Formation of meta-substituted ieri-butylphenols from 
a preparative viewpoint was first reported by Olin,4 
who isomerized p-TBP to a mixture containing the 
meta isomer over a catalyst of sulfuric acid supported 
on an activated clay. Later Bondy and Moore5 ob
tained to-TBP from a mixture of o- and p-TBP on a 
similar type of catalyst. However, until the recent

(1) J. R . N orell, J .  O r g . C h e m .. 38, 1924 (1973).
(2) A  recent review  article entitled  "U n u su a l E lectroph ilic  A rom atic  

Substitutions in S yn th esis ," b y  D . E . Pearson  and C. A . Buehler, S y n t h e s i s ,  
474 (1971), cites use o f  H F  in a tab le for the transform ation  o f 4 -T B P  to 
3 -T B P , but, on  carefu l inspection  o f  the orig inal w ork, a P h .D . thesis by  
R . W ysong, V anderb ilt U niversity , 1967, p  40, it  is revealed th a t actually 
a m ixture o f H F  and B F 3  was used.

(3) A . P . B olton , M . A , Lanew ala, and P . E . P ickert, J .  O r g . C h e m .,  33, 
3415 (1968).

(4) J. F. O lin (to  Pennsalt C h em ica l C orp .), U. S. P aten t 3,014,079 
(D e c  19, 1961).

(5) M . F . B on d y  and F . R .  M o o re  (to  C oa lite  and C hem ical P rodu cts 
L td .), British Patent 992,629 (M a y  19, 1965).

work by Bolton, et al.,3 no careful study of the isomeri
zation and transalkylation of teri-butyl phenols had 
been carried out. Thus we have investigated this 
isomerization in liquid HF at much lower temperatures 
than those for the zeolite work.

Results

Hydrogen fluoride functions as an excellent catalyst- 
solvent system for studying phenols in that it is non
oxidizing, is a very strong acid (H0 =  —10), and 
possesses a low boiling point (20°) to facilitate easy 
removal. The work involved dissolving each of the 
three mono-ferf-butylphenols in liquid HF at tempera
tures from —75 to 100° for 2 hr. As shown in Table I, 
varying ratios of phenol, mono-ferf-butylphenols, and 
di-£erf-butylphenols were isolated by quenching the 
mixtures with ice followed by ether extraction after 
neutralization. The product distribution was deter
mined by glc methods using the silylated derivatives 
(see Experimental Section). Especially at higher

OH OH OH OH

temperatures, large amounts of “ heavies”  attributable 
to polyalkylated phenols and butylated oligomers were 
observed. The quantities of these materials were 
determined by use of an internal standard in the glc 
determination; the data in Table I are normalized to 
provide a ready visual comparison of the relative re
activities.

Pertinent observations gleaned from the results in 
Table I are as follows. (1) The ortho and para isomers 
at 30° tend toward the same equilibrium ratio in the 
monoalkyl fraction of approximately 85% m- and 15% 
p-TBP with none or traces of the ortho isomer being 
observed. This is roughly similar to the equilibrium 
values obtained by Bolton2 working at 200° with 
zeolites. The meta isomer shows only a slight altera
tion, with the distribution being 98% meta and 2% 
para, indicating its higher stability. (2) At —75° 
there is essentially no isomerization and at 100° the 
molecule is greatly degraded with the principal product 
being phenol and unidentified oligomers. This effect 
is independent of the starting isomer. (3) A novel 
phenomenon occurs with the ortho isomer at —40° in 
that complete conversion to p-TBP is realized. The
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T a b l e  I

terf-IiüTYLPHENOL ISOMERIZATION IN LlQUID HF“
t e r t -  A m ou n t -̂----------P h enolic d istribution , w t %■

B u ty l- T em p , recovered, H eavies, M o n o - D i- ,------ D istr ib u tion  o f m o n o -T B P , % ------- .
phenol °C % % Phenol T B P T B P C O rtho M eta Para

ortho -7 5 95 0 2 92 6 98 0 2
ortho -4 0 93 0 3 97 0 0 0 100
ortho - 5 93 Tr 10 77 13 0 19 81
ortho 30 95 3 24 24 52 0 86 14
ortho 55 83 8 32 22 46 1 80 19
ortho 75 90 19 42 25 33 6 74 20
ortho 100 81 41 89 8 2 274 73b 0
meta* -7 5 83 0 0 100 0 0 91 9
meta -4 0 91 0 3 97 0 0 97 3
meta - 5 93 0 5 87 8 0 97 3
meta 30 96 Tr 12 61 27 0 98 2
meta 55 91 3 25 18 57 0 86 14
meta 75 93 11 30 24 46 0 83 17
meta 100 83 28 100 Tr 0 0 534 474
para -7 5 94 0 0 100 0 0 0 100
para -4 0 91 0 2 98 Tr 0 0 100
para - 5 93 Tr 9 77 14 0 18 82
para 30 94 22 26 22 52 0 86 14
para 55 91 30 37 22 41 2 84 14
para 75 100 35 45 23 32 3 80 17
para 100 79 22 88 12 0 74t 0 264

° All runs were made with 15 g (0.10 mol) of ieri-butylphenol in 100 ml of HF for 2 hr. 4 Where the amount of mono-f-BuPhOH 
is low, the distribution of ortho-meta-para is probably meaningless. '  The dialkylated phenol is chiefly the 3,5 isomer. * Starting 
purity of m-feri-butylphenol was 91% meta and 9% para.

reaction is so “ clean” that from the liquid ortho isomer, 
which readily dissolves in HF, the white crystalline

(quantitative)

para isomer is recovered nearly quantitatively. 
Further rearrangement, however, occurs as the tem
perature is increased. (4) Purchased m-TBP con
tained 9% of the para isomer, which was not easily 
removed by distillation. Increased purity is attained 
when the 91:9 mixture is placed in HF at 0-30°, since 
the purity of the monoalkyl fraction increases to 98.2% 
meta and 1.8% para. (5) The major constituent 
(>95% ) of the dialkylated phenol is the 3,5-di-TBP. 
This represents a much larger amount than that ob
served over the zeolites.2 This material arises via a 
transalkylation step and the method can serve as a 
synthesis for the 3,5 isomer starting with any of the 
mono-TBP. The amount of 3,5-di-TBP reaches a 
maximum of 40-50% at temperatures of 30-50°. 
Above these temperatures even the most stable 3,5 
isomer tends to dealkylate and at 100° phenol per se is 
the chief volatile constituent. Even though the 
yield of 3,5-di-TBP is only moderate the method is 
superior to the original, but recent, synthesis which 
involves four steps.6 Generally in the preparation of 
dialkylated phenols the ortho and para isomers, 
i.e., 2,4-di-TBP, are those expected under normal 
alkylation conditions, or the 2,6-di-TBP can be ob
tained using aluminum phenoxide.7

(6) J. W . E lder and R . P . M ariella, C a n .  J .  C h e m .,  41, 1653 (1963).
(7) L . F . Fieser and M . Fieser, “ A d van ced  O rganic C h em istry ,”  R e in 

hold , N ew  Y ork , N . Y ., 1961, p  760.

In spite of literature reports8 that phenol is never 
alkylated in the meta position, the above data on 
stabilities of ferf-butyl groups suggested that meta- 
substituted products could be isolated under alkylation- 
type conditions, i.e., reaction of isobutylene with 
phenol in HF. Indeed it was found that, if phenol is 
alkylated with isobutylene in solvent quantities of 
HF, m-TBP and 3,5-di-TBP are the principal phenols.

OH
CH3

( Q )  + chz= cch :j
HF

A summary of the data (Table II) collected indicates 
that p-TBP forms first and then it isomerizes and trans- 
alkylates to the m-TBP or 3,5-di-TBP. Preparatively, 
the method is fair (30% yield) for producing 3,5-di- 
TBP by direct alkylation because butylene oligomers 
form in a competing reaction. The reaction is best 
carried out with a small amount of HF catalyst at 25° 
to effect the “ classical”  alkylation in the ortho and para 
positions. The mixture is cooled and solvent quantities 
of HF are added so as to effect the isomerization and 
transalkylation to form the thermodynamically most 
stable isomers. An alternative method for synthesis 
of the 3,5 isomer involves the alkylation of m-TBP with 
isobutylene at 0° in 100 ml of HF, which gives a phe
nolic mixture of 50% 3,5-di-TBP, 7% p-TBP, and 43% 
unreacted m-TBP.

When other ierf-butyl carbonium ion precursors are 
used, i.e., teri-butyl alcohol and teri-butyl chloride, the 
yields are similar except that in the latter case the para 
isomer predominates, which is probably due to the 
lower temperature of reaction (Table II). Alkylation

(8) J. H. Patinkin and B. S. Friedman, “ Friedel-Crafts and Related
Reactions,” Vol. II, Part I, G. A. Olah, Ed., Interscience, New York, N. Y.,
1964, pp 75-77.
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Table II

Run
Phenol,

mol

Iso
butylene,

mol
HF,
ml

Alkylation of Phenol with Isobutylene in HF
-—Product distribution (normalized)“—- 

Temp, Time, m- p- 3,5-Di- 2,4-Di- 
°C hr Phenol TBP TBP TBP TBP Comments

1 0.20 0.64 100 -7 0 0.7 1 0 35 0 64 CiHs was bubbled in over a period of

2 0.20 0.59 130 -7 8 2 4 0 80 0 17
1 hr

A mixture of phenol in HF was added

3 0.20 0.23 100 0 2 5 11 61 20 3
to a mixture of C(H8 in HF at —78° 

C4H8 was bubbled in over a 2-hr period
4 0.20 0.40 125 -7 8  to 55 2 50 20 3 27 0 Run as in run 2 except warmed to 55°
5 0.10 0 .2 0 104 -7 8  to 25 2 31 18 28 21 2 Phenol and 4 ml of HF were mixed at

6 0.16 0 .2 0 104 -7 8  to 25 3 22 18 13 47 0

— 78°, C4H8 was added and allowed 
to mix for 1 hr; 100 ml of HF was 
added, stirred for 1 hr at 78°, then 
warmed to 25°

Phenol and 4 ml of HF were mixed at

7 0.16 0.45 100 -7 0  to 25 2 28 13 48 11 0

78°, CiHs was added and the reactor 
was shaken at 25° for 1 hr. A rapid 
exotherm occurred at 25-45°. After 
cooling to —78° 100 ml of HF was 
added and the mixture was again 
warmed to 25° for 2 hr 

Reactants were mixed at —78° and

8 0 .2 0 0.408 100 55 2 38 26 10 26 0
allowed to warm to 25°

9 0 .1 0 0 .20 ' 100 0 2 3 14 60 23 0
10 0.24 0.49 10 g d 150 2 30 8 40 0 22 Benzene (50 ml) was used in a solvent
“ Depending on the amount of excess isobutylene, the oligomer found varied to as much as 30%; therefore, the phenolic distribution 

has been normalized. 6 ierf-Butyl alcohol was used in place of isobutylene. c iert-Butyl chloride was used in place of isobutylene. 
d Zeolon H, an acidic molecular sieve from Norton Chemical Co. which had been treated at 600° for 4 hr, was used in place of HF.

of phenol with isobutylene employing an acidic zeolite, 
Zeolon H, at 150° in benzene gave very little m-TBP 
and no detectable 3,5-di-TBP; p-TBP and 2,4-di-TBP 
were the chief products. Zeolon H is probably a much 
less acidic zeolite than the type Y  used by Bolton, 
et al.,3 and hence no meta isomers were produced.

Discussion

The kinetic experiments of Bolton, et al., over zeolites 
at 200° coupled with our observations over a wide tem
perature range in liquid HF support the concept that 
isomerization of terf-butylphenols proceeds via a trans
alkylation mechanism rather than an intramolecular 
rearrangement.

For p-TBP the chief products found are as fol
lows.

OH OH OH OH

The meta derivatives tend to be more stable because 
during protonation of the phenol the meta position is 
less vulnerable to dealkylation, as presented in our pre
vious paper.1 Other than the 3,5 isomer, very little of 
the other dialkylated phenols are observed in liquid 
HF. This may be due to the fact that each experi
ment is run exhaustively rather than kinetically as 
reported for the zeolite case.3

The observation that the meta isomer is preferentially 
formed in solvent quantities of HF whereas the para 
isomer is the chief product when catalytic amounts of 
HF are employed during alkylation of phenol with iso
butylene is best rationalized on an understanding of

the reversibility of the reaction. In essence p-TBP 
and o-TBP, when placed in solvent quantities of HF, 
react reversibly as follows.

CH3
I

+ H3CCCH3

With the meta derivative this equilibrium lies much 
further to the left. Thus the ierf-butyl carbonium ion

OH OH

can attack in the ortho or para position or lose a proton 
forming an olefin, which is the equivalent of adding 
isobutylene to the reaction. Oligomers can be formed 
that utilize the ferf-butyl carbonium ion. However, 
once attack occurs in the meta position reversibility is 
much less pronounced and hence a build-up of the 
meta isomer is observed. The same holds true for the
3,5-di-TBP. With catalytic amounts of catalyst the 
initial attack is at the electron-rich ortho and para 
centers and since insufficient HF is present for cleavage 
of the ieri-butyl group, the para and 2,4 isomers are 
those isolated. Although some reports have been 
found for the formation of ortho derivatives and ethers 
in alkylation with acids,8 we were unable to find any 
such materials in the reaction in HF. The rapid inter
conversion of ortho to para at —40° probably accounts 
for such observations.
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Experimental Section
Apparatus.— All reactions above 0° were carried out in a 300-ml 

Monel vessel equipped with a pressure gauge and Hoke valves. 
Heating and mixing were supplied by shaking the reactor in an 
Eberbach thermostated reciprocating shaking water bath. For 
reactions at 0° and lower a polyethylene vessel was constructed 
(450-ml capacity) with two openings so that a thermometer could 
be inserted into the liquid. The reactor was placed in a coolant 
at the desired temperature and magnetically stirred.

Chemicals.— Hydrogen fluoride was obtained from Air 
Products Co. It was withdrawn in the liquid phase and was used 
directly without further purification. Note precautions to be 
observed when using H F .1 All the ¿erf-butylphenols (TBP) were 
obtained from Aldrich Chemical Co. The para isomer was used 
as received and the ortho and meta isomers were distilled prior to 
usage. Even after distillation, the composition of the latter was 
91%  to- and 9%  p-TBP.

Analytical Procedure.— A variety of gas chromatographic 
procedures was employed throughout the course of this work for 
analyses of phenol, and the mono- and di-ferf-butylphenols, with 
the most satisfactory method being described below. A total 
determination is based on a combination of glc chromatograms on 
both silylated and nonsilylated phenols using a Hewlett- 
Packard Model 5752-B gas chromatograph (T. C. cells). The 
column used was based on work by Duvall and Tulley9 and con
sisted of a 60:40 mixture of silicone 550 and Carbowax 20M on 
silanized (DMCS) Chromosorb W, acid-washed, 60/80 mesh, 
packed in a 10 ft X 0.25 in. stainless steel column. Loading of 
the liquid phase was 9%  on the support for the silylated samples 
and 17% for the free phenols. Samples were silylated with 
Regisil, lV,0-bis(trimethylsilyl)trifluoroacetamide from Regis 
Chemical Co., 100-200-mg sample/1 ml Regisil, and column con
ditions were as follows: 3-min postinjection period, programmed 
from 140° to 165° at 10°/min, held for 20 min.

Under these conditions, the following elution times were ob
served for the silylated derivatives (Table III).

T a b l e  III
Retention

time, Correction
Component min: sec factors

Phenol 4:10 0.92
0 -  and to-TBP 9:25 1.05
p-TBP 10:12 1.05
3,5-di-TBP 14:55 1.17
2,4-di-TBP 16:45 1.17
2,5-di-TBP 17:35 1.17

Prior to silylation all the expected components are separable 
except the meta and para isomers, whereas after silylation the
o- and m-fert-butylphenols are not separable. Thus, two chro
matograms are required for each sample and the exact amount of 
each isomer is determined by arithmetic methods. Elution times 
for the nonsilylated phenols on a similar column except iso- 
thermally at 225° gave the following retention times (Table IV).

Quantitative measurements were made by use of a Disc In
tegrator which gave the number of counts per peak. Correction 
factors were determined by use of carefully weighed knowns for 
both the silylated and nonsilylated samples. The percentages of 
heavies, i.e., butylene oligomers, heavily alkylated phenols, and

(9) A. H. Duvall and W . F. Tulley, J. Chromatogr., 11, 38 (1963).

T a b l e  IV

Component

Retention 
time, 

min: sec
Correction

factors

Phenol 4:07 0.92
2,6-di-TBP 6:27 1.00
o-TBP 7:21 1.05
to- and p-TBP 9:36 1.05
2,4-di-TBP 12:07 1.00
3,5-di-TBP 16:05 1.17

other material not eluting on the column, were determined by 
weighing a known amount of p-cresol into the sample, as an 
internal standard, prior to glc analysis. This technique was 
employed only on nonsilylated samples. The equation from 
which the percentage of heavies was determined is

%  heavies =
wt of sample — wt of std X  Pe^  _________r  ____________________ std ct

wt of sample X 100

Standard Procedure for Reactions above 0 ° .— The phenol was 
placed in a 300-ml Monel reactor cooled in ice under a N 2 flow. 
Liquid hydrogen fluoride was added, and the reactor was capped 
and placed in the shaker bath at the desired temperature. After 
the allotted time, the reactor was cooled, the valve was opened, 
and the HF was bled off. The reactor was opened and the re
action mixture was poured into ice water, neutralized with Na- 
HCO3, and extracted with ether. After drying over M gSO,- 
K2CO3 mixture, the extracts were concentrated to give the crude 
phenol mixture as recorded in Table I.

Standard Procedure for Reaction below  0 ° .— The 450-ml 
polyethylene reactor containing 100-150 ml of HF was cooled in 
the suitable collant until the temperature reached that specified. 
The phenol was added and stirred magnetically for the allotted 
time. The entire mixture was quickly poured on ice, neutralized 
with NaHCOs, and extracted with ether. After drying, the ex
tracts were concentrated to give the crude phenol mixtures.

General Procedure for Alkylation Reactions (Table II).— The 
phenol was placed in either the Monel or polyethylene reactor 
and HF was cautiously added. The mixture was cooled or heated 
to the desired temperature and isobutylene or other ¿erf-butyl 
carbonium ion source was added. Isobutylene was usually added 
slowly through a Gilmont gas flow meter. The reactor was then 
shaken or stirred at the specified time and temperature. The 
contents were poured on ice, and ether extracted, and the com
bined ether extracts were neutralized by shaking with saturated 
NaHCC>3 solution. After drying over MgSO, and concentration 
the resulting, usually viscous, residues were analyzed by glc 
techniques described above. The data displayed in Table II are 
representative runs of many experiments under a variety of con
ditions. Because the various methods employed for carrying out 
the reaction greatly affect the product distribution, a column 
entitled “ Comments”  is included in Table II.

Registry No.— Hydrogen fluoride, 7664-39-3; 0-
terf-butylphenol, 88-18-6; m-feri-butylphenol, 585-34-2; 
p-te ri-b u ty  1 p h en o i, 98-54-4; phenol, 108-95-2; iso
butylene, 115-11-7.
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A facile thermal equilibration of cis- (3-methoxy-2-piperidyl)-2-propanone and some analogous cis-(¿¡-substi
tuted 2-piperidyl)-2-propanones with their trans isomers is reported. The effects on the equilibrium of tempera
ture, solvent, pH, and the size of the 3 substituent were investigated. Chemical and nmr spectral data and con
formational free-energy calculations are presented to support the assignment of the trans configuration to the 
more stable isomer. A revised synthesis of the title compounds is reported. The title compounds are inter
mediates in the synthesis of febrifugines.

The hydrangea alkaloid, febrifugine, and many of 
its synthetic analogs have been extensively investi
gated because of their antimalarial1 and anticoccidial2 
activity. In the course of the synthesis of some febri
fugines using a route first developed by Baker, et al.,3 
it was discovered that the intermediate la readily 
undergoes isomerization. It was subsequently found 
that the analogous compounds lb d undergo a similar 
isomerization.

It would be expected that the compounds 1, which 
are synthesized by hydrogenation of the corresponding

H H
1 2

a, R =  OCH3; b, R =  OC2H5; c, R = OCH(CH3)2; d  R =  CH3

pyridines (5), would possess the cis configuration and 
that they would equilibrate to mixtures favoring the 
trans isomers (2). However, our initial thinking on 
this subject was complicated by the fact that Baker 
had assigned the cis configuration to febrifugine (3).

He was unaware of the easy isomerization of la and 
interpreted his results as further confirmation of the cis 
configuration, originally assigned on the basis of other 
work.4 5 Because of this conflicting evidence we studied 
the isomerization in some detail. In this paper we 
will present the evidence that the configurations of 1 
and 2 are as expected, and part II6 will present the 
evidence that febrifugine (3) has the isomerized or 
trans configuration.

We found it convenient to synthesize m-(3-alkoxy-2-

(1) R . I. Hewitt, w . S. Wallace, E . R. Gill, and J. H . Williams, Am. J. 
Trop. M ed . Hyg., 1, 768 (1952).

(2) E . Waletzky, G . Berkelhammer, and S. Kantor, U . S. Patent 3,320,124 
(1967).

(3) B. R. Baker and F. J. M cEvoy, J. Org. C h em ., 20, 136 (1955).
(4) R. B. Baker, F. J. M cEvoy, R . E . Schaub, J. P. Joseph, and J. H. 

Williams, J. Org. C h em ., 18, 153 (1953).
(5) D . F. Barringer, Jr., G. Berkelhammer, and R. S. Wayne, J. Org.

Chem., 38, 1937 (1973).

piperidyl)-2-propanones (la -c) and as-(3-methyl-2- 
piperidyl)-2-propanone (Id) via Scheme I. This se-

SCHEME I

1. CH3CN 

2. H20

4 a 0  Rh/A12Q3

I! H20 , HBr
-  CH2CCH3 

5

1

a, R =  OCH3; b, R =  OC2H5; c, R =  OCH(CH3)2; d, R =  CH3

quence is more convenient than the longer route of 
Baker, et al.,3 involving condensation of 4 with acet
aldehyde followed by hydrogenation and chromic acid 
oxidation of the secondary alcohol. Rhodium on 
alumina in water in the presence of 1 equiv of hydro- 
bromic acid at 3-4 atm and ~ 50-70° is quite selective 
for the reduction of the pyridine ring in the presence 
of the ketone. A  high degree of selectivity is achieved 
only when the (3-substituted 2-pyridyl)-2-propanones
(5) are carefully purified by distillation. Otherwise 
the impurities present act as catalyst poisons, and, as 
the rate of hydrogenation diminishes, the selectivity 
is also lost.6 The hydrogenation product is a single 
isomer to the limits of detectability by nmr (>95% ), 
and the available evidence in the literature7 suggests 
that under these conditions the cis isomer would pre
dominate. Our observations on the isomerization also 
support this conclusion. Additionally, we tried hy
drogenation of the free base in methanol over rhodium 
on carbon, of the free base in acetic acid over rhodium 
on alumina or palladium on carbon, and of the hydro
bromide salt in methanol or the free base in acetic 
acid over platinum oxide, but none of these systems 
gave a rapid selective reduction.

Equilibrium between 1 and 2 is established by heat
ing for ~ 1  hr on a steam bath under nitrogen or in 
refluxing toluene. Equilibration occurs in ''■ ¿3-4 
weeks at room temperature, and it is essentially com
plete after 10 months’ storage at 5°. Depending upon

(6) Unpublished work of Dr. J. R . Giacin, American Cyanamid Co., 
Agricultural Division.

(7) H . Adkins, L. F. Kuick, M . Farlow, and B . Wojcik, J. Amer. Chem. 
Soc., 56, 2425 (1934); R . A . Robinson, J. Org. Chem., 16, 1911 (1951); J. 
Pliml, E . Knoblock, and M . Protiva, Chem. Listy, 46, 758 (1952); F. Galin- 
ovsky, O. Vogl, and W . Moroz, Monatsh. Chem., 83, 242 (1952); F. Galinov- 
sky and H . Langer, ibid., 86, 449 (1955); F . Bohlmann, A . Englisch, N . 
Ottawa, H. Sander, and W . Weise, Chem. Ber., 89, (1956); M . Freifelder,
D . A . Dunnigan, and E. J. Baker, J. O-'g. Chem., 31, 3438 (1966); B . van de 
Graff, H. van Bekkum, and B. M . Wepster, Red. Trav. Chim. Pays-Bas, 
87, 777 (1968).
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the pot temperature used, it can also occur during a 
vacuum distillation.

To study the isomerization, a convenient method 
for determining the isomeric composition was needed. 
The nmr spectrum turned out to be very well suited 
for this'determination. Depending upon the solvent 
chosen, either the protons of the methyl group in the 
acetonyl substituent or the protons on the a  carbon of 
the alkoxy group exhibit different chemical shifts in 
the two isomers. We used either benzene or toluene 
as the solvent, and in these solvents the protons of 
the methyl group on the acetonyl substituent appeared 
at 3 Hz higher field in the trans isomer. The two peaks 
were well resolved, and the results were quite repro
ducible. Unfortunately we were unable to determine 
the stereochemistry directly from the ring protons a 
to the substituents because of the complexity of the 
spectra.

The effects of tem perature, solvent, pH, and the 
steric requirement of the 3 substituent on the equilib
rium were studied. The temperature of the equilibra
tion in toluene had no demonstrable effect on the posi
tion of the equilibrium. cfs-(3-Ethoxy-2-piperidyl)-
2-propanone (lb) was isomerized at 80°, reflux (110.6°), 
and 140° in a sealed tube to 68:32, 69:31, and 67:33 
trans-cis mixtures, repectively.8 These values are 
the same within experimental error. The isomeriza
tion required 23-31 hr, ~ 3  hr, and slightly more than 
0.5 hr at the three temperatures.

The effects of various solvents on the equilibration 
are summarized in Table I. Only in the case of water

Table I
Effect of Solvents on the Cis <=t Trans Equilibrium o f  

(3-Ethoxy-2-piperidyl)-2-propanone

Solvent
Concn,

% Temp, °C Time, hr“
%

trans

Water“ 5 98-102 20 min'* 76
Cyclohexanol 10 98-100 1 67
feri-Butyl 10 Reflux 4“ 69

alcohol
Neat

(82.6)
78-82 1.56 * 51

Neat 96-101 0 .511 60
Neat 96-101 l 6 67
Neat 96-101 1.56 70
Toluene 10 95-100 22,5/ 70
Toluene 10 Reflux 3 69

(110.6)
“ For runs in solution, this is the time after which no further 

change in isomer ratio occurred as was determined by at least 
one measurement after the time listed. For neat runs, see b. 
Started with 100% cis isomer. 6 Not necessarily complete 
equilibration. At 96-101° the 1-hr and 1.5-hr ratios are prob
ably the same within experimental error. c pH 10.6 (pH meter). 
1 56% trans at 7 min, 75% trans at 30 min. * 52% trans at 
1.5 hr, 65% trans at 3 hr. > Almost complete at 6.5 hr.

is the isomer ratio significantly different from that ob
tained in toluene or in the absence of solvent. The 
increase in the proportion of trans isomer in water 
solution is probably due to coordination of the solvent 
with the ether oxygen and/or the nitrogen, which 
would increase the steric interactions in the cis isomer.

(8) Febrifugines synthesized from trans-cis mixtures such as these for 
l a -c  usually contained 9 0 %  or more trans isomer, as was determined by
quantitative thin layer chromatography. The difference in trans content
between the intermediates and the febrifugine products is probably due to 
the preferential solubility of salts of the c-ts-febrifugines in ethanol, the solvent
used for purification.

Apparently the two alcohols do not bond tightly 
enough to have a measurable effect. All three polar 
hydroxylic solvents enhanced the rate of the isomeriza
tion compared with toluene. The minimum time for 
equilibration in toluene is probably not very much 
greater than 6.5 hr (footnote /, Table I), while the 
minimum in cyclohexanol is 1 hr or less and in water 
20 min or less. The demonstrated effect of solvent 
polarity would be expected where charge separation is 
present in the transition state.

The effect of pH on the position of the equilibrium 
in water solution was examined. A  5%  solution of 
equilibrated (3-ethoxy-2-piperidyl)-2-propanone (2b, 
68% trans) in water had a pH of 10.6. The pH of 
the other samples was adjusted up or down with aque
ous sodium hydroxide or hydrochloric acid. The 
solutions were heated in a bath at 94-100°, and the 
free base was isolated and dissolved in toluene for 
nmr measurements (see Experimental Section).

The results are shown in Table II. The %  trans 
isomer decreases with decreasing pH in the range

T a b l e  I I

Effect of pH o n  the Cis —  T r a n s  Equilibrium of 
(3-Ethoxy-2-piperidyl)-2-propanone

<— %  recovery—s <■------------- - %  trans isomer—
pH “ 3 hr 5.5 hr 20 min 3 hr 4 hr 5.5 hr

O .öW N aO H 1 92 75
0.1 IVNaOH 91 86 76 75

10,6“ 76“
9.9 88 84 72 71
8 .0d 56d
6.9 94 79 46 47
5.9 91 87 61 48“
4 .8 “ 76 88 63 48

° The pH remained constant during each run except the one 
at 4.8, which increased to 6.4 after 5.5 hours, presumably owing 
to loss of HC1. b Not completely homogeneous. Ir after run 
showed evidence of decomposition. “ Started with cis isomer. 
Equilibrium reached in 20 min. d Run at 105-110°. • 5.5-hr 
sample redissolved in water at pH 6.0 and heated for 3 hr more 
at 98-99° . No further change in %  trans isomer.

where the proportions of free base and hydrochloride 
salt are varying, and it remains fairly constant above 
and below this range. The probable explanation for 
this effect is transannular hydrogen bonding in the 
salt 6. This would reduce the conformational free

energy penalty for the axial ethoxy group in the cis 
isomer. Similar hydrogen bonding has been observed 
in 3-piperidinol (7) and its A-alkyl derivatives.9 H y
drogen bonding would be expected to be much less 
important in the free base of 6 since the evidence at 
this time favors the hypothesis that a proton bonded 
to nitrogen has greater steric requirements than an

(9) G. Hite, E. E. Smissman, and R. West, J. Amer. Chem. Soc., 82, 1207
(1960); R. E. Lyle, D. H. McMahon, W . E. Grueger, and C. K. Spicer,
J. Org. Chem., 31, 4164 (1966).
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electron pair,10 and ammonium ions would be ex
pected to form stronger hydrogen bonds than free 
amines. The rate of isomerization is less at pH values 
below 7 than above 7, in agreement with a base-cata
lyzed mechanism.

When a pyridine solution of the hydrochloride of 
68% (rans-(3-ethoxy-2-piperidyl)-2-propanone (2b) was 
heated on a steam bath for 3.5 hr, the equilibrium 
shifted slightly toward the cis isomer, giving a trans: cis 
ratio of 1.83:1 (65% trans). Presumably this reflects 
a small contribution from structure 6 in this medium.

There were no significant differences in the extent 
of isomerization of the (3-alkoxy-2-piperidyl)-2-propa- 
nones (la, lb, and lc) studied (69, 68, and 67%). This 
is what one would expect, since the conformational 
free energies for methoxy, ethoxy, and isopropoxy 
groups are about the same. When a methyl group 
{vide infra) was placed in the 3 position, however, 
there was a large shift in favor of the trans isomer (2d). 
This can be explained by the larger conformational 
free energy of a methyl group and the lack of any 
stabilization of the cis isomer by transannular hydrogen 
bonding.

The theoretical position of the cis trans equilibrium 
of (3-ethoxy-2-piperidyl)-2-propanone (lb 2b) can 
be approximated using conformational free-energy 
differences determined for substituents on cyclohexane 
systems.11 The conformational free-energy difference 
for an acetonyl substituent apparently has not been 
determined, but the value of 1.7 kcal/mol for a methyl 
group can be used as a minimum value. The value for 
an ethoxy group is 0.9 kcal/mol.

To simplify the computations, two conformations 
(8 and 9) were considered for the cis isomer and one

C H 3C O C H ,

M  I
N h  h

N OC2H5
H Y v

A>c2h 5 c h 3c o c h 2.

H w
H

H '
C H 3C O C H ,.

-N H
\ V .

H

10
oc2h 5

f ' ' - .
N OC2H5
\ \ _

CH3COCH2.

H H

11

diaxial interaction with hydrogen, the conformational 
free energy was reduced by one-half to a value of 0.45. 
It is probably true that the hydrogen-bonded confor
mation (11) contributes some extra stability to the 
cis isomer, but, since we have no data from which to 
estimate the contribution of 11, it was ignored in the 
computation.

On the basis of these assumptions the equilibrium 
mixture of the isomeric (3-ethoxy-2-piperidyl)-2-pro- 
panones (lb and 2b) was calculated to contain 73% 
trans at 25° and 69% trans at the boiling point 
of toluene (111°). These values compare well with 
the experimentally observed trans concentration of 
about 70%.

m-(3-Methyl-2-piperidyl)-2-propanone (Id) was syn
thesized and isomerized as an intermediate for a 
febrifugine analog. A  similar calculation on this 
equilibrium predicts 85% trans at 25° and 79% at 
111°. The amount of cis iscmer in the mixture is too 
small to be determined accurately by the nmr method, 
but it appears to be ~ 10 %  in the crude product and 
considerably less after distillation. Since in this case 
there is no opportunity for transannular hydrogen 
bonding to give unusual stability to the cis isomer, it 
is quite certain that the more stable isomer is trans. 
Since the synthesis route and equilibrium results with 
the (3-alkoxy-2-piperidyl)-2-propanones were analo
gous, initial formation of the cis isomers followed by 
predominant isomerization to trans must also have 
occurred in this series. The differences in the com
positions of the equilibrium mixtures also agree well 
with the predictions based on conformational free 
energies.

A  further confirmation of the stereochemistry of the 
(3-methyl-2-piperidyl)-2-propanones can be found in 
the nmr resonance of the 3-methyl group. In the cis 
isomer this resonance is a doublet (J = 6.5 Hz) centered 
at 8 0.96. In the trans isomer it is a partly resolved, 
unequal doublet (J = 3.5 Hz) centered at 8 0.82. 
This same effect was reported in the case of the 
isomeric 2,3-dimethylpiperidines,12 and it was attri
buted to the effect of the strong upfield shift of the 
proton on the adjacent ring carbon on going from the 
cis to the trans configuration.

The mechanism of the isomerization can be de
scribed as a base-catalyzed (3 elimination followed by a 
Michael addition, analogous to a mechanism proposed 
for the racemization of pelletierine (12)13 (Scheme II).

(10) for the trans isomer. The other conformation 
for the trans isomer has the two large groups axial and 
would be expected to be essentially absent. Only 
conformations with the proton on the nitrogen in the 
equatorial position were considered. Since an axial 
group in the 3 position of piperidine has only one 1,3-

(10) P. J. Brignell, A. R. Katritzky, and P. L. Russell, Chem. Commun., 
723 (1966); N . L. Allinger, J. G. Carpenter, and F. M . Karkonski, Tetra
hedron Lett., 3345 (1964); J. Amer. Chem. Soc., 87, 1232 (1965); F. M. 
Moynehan, K. Schofield, R. A. Y . Jones, and A. R. Katritzky, Proc. Chem. 
Soc., 218 (1961); J. Chem. Soc., 2637 (1962); N. W. Pumphrey and M . J. 
Robinson, Chem. Ind. {London), 1903 (1963). However, J. B. Lambert and 
R. G. Keske [J. Amer. Chem. Soc., 88, 621 (1966)) have presented evidence 
that the hydrogen may have smaller steric requirements than the electron 
pair.

(11) E. Eliel, N. Allinger, S. Angyal, and G. A. Morrison, “ Conformational 
Analysis,” Interscience, New York, N. Y ., 1965, pp 11, 44.

Experimental Section

Elemental analyses were performed by Galbraith Laboratories, 
Inc., Knoxville, Tenn. All melting points are uncorrected. Ir 
spectra were recorded on a Perkin-Elmer Infracord Model 137. 
Nmr spectra were recorded on a Varian A-60.

(3-Methoxy-2-pyridyl)-2-propanone (5a).— The reaction was 
run in a stirred flask under a nitrogen atmosphere. A hexane 
solution (397.4 g) containing 0.924 mol of n-butyllithium was 
introduced into the flask along with 909 g of absolute ether. 
3-Methoxy-2-picoline (103.3 g, 0.840 mol) was added dropwise 
at 0 -5 °. The 3-methoxy-2-picolyllithium partially precipitated 
as a yellow solid. The mixture was allowed to warm briefly to 
10°, and 37.9 g (0.924 mol, 48.4 ml) of acetonitrile was added 
dropwise at 4° over a 1.5-hr period. The mixture was allowed

(12) A. Silhankova, D. Doskocilova, and M. Ferles, Collect. Czech. Chem. 
Commun., 34, 1976 (1969).

(13) F. Galinovsky, G. Bianchetti, and O. Vogl, Monatsh. Chem., 84, 1221 
(1953).
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T a b l e  III
(3-Substituted 2-pyrid yl )-2-propanones (5)

R
Yield,

% n26 d Bp, °C  (mm) C
— Calcd, % — 

H N C
—Found, % —  

H N

o c 2h 6 72 1.5179 94 (0.4) 67.02 7.31 7.82 66.94 7.62 8.25
OCH(CH3)2 69 32 (0.2) 68.37 7.82 7.25 68.59 7.88 7.40
c h 3 72 1.5338 68 (0.15) Not analytically pure

T a b l e  IV
T rans-R ich (3-Substituted 2-piperid yl)-2-propanones (2)

,--------------------------------Calcd, % -------------------------------- - ------------------------------- Found, %■
R Yield, % Bp, °C (mm) C H N Br c H N Br

OC2H6“ 68 88-93(1.25) 45.11 7.47 5.26 30.01 45.39 7.70 5.21 29.79
OCH(CH3)2
c w

95+ 6
54-61 (0.4) 69.63 11.04 9.02 69.67 10.99 9.11

“ Analyzed as the hydrobromide, mp 164-167°, prepared by passing HBr into a toluene solution of the free base, followed by tritura
tion in and reerystallization from acetone. Isolation of the free base from this salt gave samples containing 85-95%  trans isomer. 
b Crude yield. Structure assigned on the basis of nmr spectrum and subsequent conversion to a irons-febrifugine. c Analyzed as the 
free base.

S c h e m e  II

H
12

to warm to 10° yielding a dark red solution. One liter of 3 N  
sulfuric acid was added cautiously at 20-30°. The layers were 
separated, and the aqueous layer was adjusted to pH 10 with 10% 
sodium hydroxide. The product was extracted with 4 X 500 ml 
of chloroform. Evaporation of the solvent yielded 173 g of an 
oil which was distilled under vacuum through a Vigreux column 
to yield 105.7 g (76%) of a yellow oil: bp 86-89° (0.1 mm); ra26'6D 
1.5284; principal ir bands at r”“ * ~2950 (five peaks), 1720, 
1645, ~1675 (three peaks), 1455, 1430, 1355, 1280, 1120, 1025, 
802 cm -1. Anal. Calcd for C9HiiN 0 2: C, 65.4; H, 6.7; N,
8.5. Found: C, 64.9; H, 6.6; N, 8.9.

Other (3-substituted 2-pyridyl)-2-propanones (5) synthesized 
by this route are listed in Table I I I .

cis-(3-Methoxy-2-piperidyl)-2-propanone (la ).— A solution of
20.37 g (0.1235 mol) of (3-methoxy-2-pyridyl)-2-propanone in 
250 ml of water was adjusted to pH 2 with 48% hydrobromic acid. 
This solution was hydrogenated over 2.0 g of 5%  rhodium on 
alumina in a Parr apparatus at an initial pressure of 50.3 psi and 
a temperature of 55° measured in an external thermometer well. 
After 7.5 hr the mixture was cooled to room temperature. The 
pressure drop was 32.5 psi (101% of theory). The catalyst was 
filtered out, the solution was basified to pH >12 with sodium 
hydroxide, and the product was extracted with methylene chlo
ride. The methylene chloride solution was dried and evaporated 
under vacuum to yield 18.87 g (0.1162 mol, 94% ) of a yellow oil. 
This compound was not purified owing to its instability with 
respect to thermal isomerization. Principal infrared bands ap
peared at r““ ‘ 3330, 2930, 1710, 1460, 1440, 1360, 1100 c m '1

(broad). There is no absorption between 1710 and 1460 cm -1. 
The spectrum is not very sensitive to small amounts of the corre
sponding secondary alcohol. This by-product is formed in the 
reduction of impure starting material, and its formation is ac
companied by a reduced rate of hydrogenation and spectral 
evidence for the presence of the pyridine ring (band at 1675 
cm -1) even after consumption of the theoretical amount of 
hydrogen.

Phenyl Isothiocyanate Derivative.— When 5 ml each of 0.2 M  
ether solutions of cis-(3-methoxy-2-piperidyl)-2-propanone and 
phenyl isothiocyanate were mixed and left standing for 15 min 
at room temperature and overnight in a refrigerator, a pale yellow 
crystalline derivative, mp 129-130°, was obtained in 40-60%  
yield ir (mineral oil mull) rmax 3260, 1590, 1330, 1080, 820 
cm "1; X°m' / N*OH 214 nm (e 19,700), 242 (broad, 19,300); X“ ,'s° "  
225 nm (« 17,700), 255 (15,300). Anal. Calcd for Ci6H22N 20 2S: 
C, 62.7; H, 7.24; N, 9.14; S, 10.5. Found: C, 62.7; H, 7.00; 
N, 9.31; S, 10.5.

The other cfs-(3-substituted-2-piperidyl)-2-propanones (1) 
were prepared in similar fashion.

Isomerization of cfs-(3-Methoxy-2-piperidyl)-2-propanone to 
ira«s-(3-Methoxy-2-piperidyl)-2-propanone.— This reaction was 
run either with or without a solvent (see Table I). The liquid 
was kept under a nitrogen atmosphere while hot to retard de
composition. The crude product was isolated from organic 
solvents by evaporation at moderate temperatures (< 5 0 °) on a 
rotary vacuum evaporator. Isolation from water solutions was 
effected by making the solution alkaline with sodium hydroxide 
and extracting with methylene chloride or chloroform. In a 
typical preparation 4.99 g (0.0292 mol) of cis-(3-methoxy-2- 
piperidyl)-2-propanone was dissolved in 100 ml of toluene, and 
the solution was heated under reflux for 3.5 hr. The solvent was 
evaporated under vacuum and the residue was distilled to yield
4.11 g (0.0240 mol, 82%) of the trans-rich equilibrium mixture 
as a nearly colorless oil: bp 88-93° (2.5 mm); principal ir
bands at 3380 , 2940, 1704, 1460, 1440, 1360, 1100 cm "1
(broad). Anal. Calcd for C9H nN02: C, 63.1; H, 10.0; N,
8.18. Found: C, 63.5; H, 10.2; N, 8.57. The phenyl isothio
cyanate derivative, prepared as for the cis ketone, had mp 165- 
169° and principal ir bands (mineral oil mull) at 3230, 1700, 
1600, 1320, 1080 cm "1; X°mj xArN,0H 214 nm (<= 20,100), 242 (broad,
19,000); X“ e° H 224 nm (e 17,800), 255 (14,400). Anal. Calcd 
for C16H22N 20 2S: C, 62.7; H, 7.24; N, 9.14; S, 10.5; OCH3,
9.72. Found: C, 62.2; H, 7.34; N, 9.01; S, 10.2; OCH3,
9.99.

Other trans-rich (3-substituted 2-piperidyl)-2-propanones (2) 
prepared in the same manner are listed in Table IV.

Determination of Isomer Ratios in (3-Alkoxy-2-piperidyl)-2- 
propanones and (3-Methyl-2-piperidyl)-2-propanone.— The iso
mer ratios were determined by comparing the nmr integrals for 
the methyl group a to the carbonyl in each of the isomers (Table 
V). The best solvents for this comparison were benzene or tolu
ene. A 10% solution of the equilibrium mixture of the isomeric 
(3-ethoxy-2-piperidyl)-2-propanones gave nmr peaks at 6 1.76 
and 1.82 for the trans and cis isomers. The peaks were well 
resolved when a 100-Hz sweep width was used on a Varian A-60.
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T a b l e  V
P r i n c i p a l  N m r  o p  (3-Substituted 2-piperidyl)-2-propanones

— -— *------------------------— N  m r°-----------------------------------—-,
'----------------- Cis----------------- - ---------------Trans--------------- -

R COCH3 CCHa COCHa CCHa
OCHs 1.80 1.75
OC2H5 1.82 1.76
OCH(CH„)2 1.88 1.82
CHS 2.23 0.96 2.11 0.82

“ 10% toluene solutions except for the 3-methyl compound 
which was 50% in chloroform. Chemical shifts given in 5 (parts 
per million) from tetramethylsilane.

A 30% solution shows the peaks shifted to d 1.84 and 1.88 with 
incomplete resolution. The results were similar in benzene and

for the other alkoxy substituents. In the case of the 3-methyl 
analog, the peaks were at 6 2.11 and 2.23 in CHCfi for the trans 
and cis isomers. When toluene is the solvent, care must be taken 
to avoid interference from the spinning side bands of the solvent 
methyl group.

Registry N o.—la, 39037-79-1; la phenyl isothio
cyanate derivative, 39037-80-4; lb , 39037-81-5; lc, 
39037-82-6; Id, 39037-83-7; 2a, 39037-84-8; 2a phenyl 
isothiocyanate derivative, 39037-85-9; 2b, 39004-80-3; 
2c, 39037-86-0; 2d, 39037-87-1; cis-3, 39037-92-8; 
trans-3, 39037-90-6; 4a, 39049-96-2; 4b, 39049-97-3; 
4c, 39049-98-4; 4d, 39049-99-5; 5a, 6652-00-2; 5b, 
6651-69-0; 5c, 39050-02-7; 5d, 39050-03-8; 3-methoxy-
2-picoline, 26395-26-6; acetonitrile, 75-05-8.

The Stereochemistry of Febrifugine. II.
Evidence for the Trans Configuration in the Piperidine Ring

D onald  F. B a r r in g e r , Jr ., G erald  B er k elh am m er ,* and  R ichard  S. W a y n e
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Evidence from nmr spectra and thin layer chromatography is presented pointing to the conclusion that the sub
stituents on the piperidine ring of the hydrangea alkaloid, febrifugine, are in the trans configuration. The ab
solute stereochemistry proposed is (2'S,3'ff)-3-[3-(3-hydroxy-2-piperidyl)acetonyl]-4(3if)-quinazolinone.

The discovery of the facile isomerization of (3- 
methoxy-2-piperidyl)-2-propanone ( l) ,1 a key inter-

b, Y =  OH, cis
c, Y=OCOCH3, trans

mediate in one synthesis of the hydrangea alkaloid, 
febrifugine (2a),2 led to a reconsideration of the stereo
chemistry of the piperidine moiety of febrifugine. 
Baker, et al., synthesized a second intermediate (3)2

O COOC2H5
3

from (3-methoxy-2-piperidyl)-2-propanone (1) and 
showed that it was identical with a sample prepared 
by two other routes.3 Compound 3 had previously 
been converted into febrifugine by removal of the 
blocking groups and had been assigned the cis configura
tion (2b). However, test results against coccidiosis 
in chicks with both synthetic isomers of febrifugine 
and some analogs with substituents on the aromatic 
ring clearly showed that the trans isomers possessed 
the expected biological activity. The fmns-febri-

fugines are approximately ten times as effective as the 
ds-febrifugines against coccidia in chickens. The 
activity of the cis isomers is substantially, if not en
tirely, due to contamination with the trans isomer 
which is estimated to be present to the extent of 5- 
10% from thin layer chromatograms.

We isolated a sample of febrifugine dihydrochloride 
from hydrangea according to the procedure of Ablondi, 
et al.4 The melting point, specific rotation, and ir spec
trum all checked with the published data. The free 
base was prepared according to Hutchings, et al.,5 
and its melting point of 156.5-158.5° agreed well with 
the reported melting point of 154-156°6 for the higher 
melting dimorph. The cis and trans racemic febri- 
fugines (2a,b) were synthesized by published proce
dures1,2 from the isomeric (3-methoxy-2-piperidyl)-2- 
propanones. Although trans-(3-methoxy-2-piperidyl)-
2-propanone synthesized by our usual procedure con
tains from 25-35% of the cis isomer, purification of 
the febrifugine salts by recrystallization removes the 
cis isomer and affords the trans compound in high 
purity.

Thin layer chromatography (see Experimental Sec
tion) showed that the ¿rons-febrifugine was pure, while 
the cis isomer contained a small amount of the trans. 
The compound isolated from hydrangea had the same 
Rt value as the synthesized fraws-febrifugine. The 
melting point of the synthesized racemic trans-iebri- 
fugine, 178.5-180.5°, was higher than that of the 
naturally occurring dextrorotatory compound. The 
cis isomer melted at ~  134-136°. It was impossible 
to obtain a precise melting point since the cis isomer 
underwent a rapid isomerization to the trans compound

(1) D . F. Barringer, Jr., G. Berkelhammer, S. D . Carter, L. Goldman, 
and A. E. Lanzilotti, J. Org. Chem., 38, 1933 (1973).

(2) B. R. Baker and F. J. M cE voy, J. Org. Chem., 20, 136 (1955).
(3) (a) B. R . Baker, R . E . Schaub, F. J. M cEvoy, and J. H . Williams,

J. Org. Chem., 17, 132 (1952); (b) B . R . Baker, F . J. M cE voy, R . E . Schaub,
J. P. Joseph, and J. H . Williams, ibid., 18, 153 (1953).

(4) F. Ablondi, S. Gordon, J. Morton, II, and J. H . Williams, J. Org.
Chem., 17, 14 (1952).

(5) B . L. Hutchings, S. Gordon, F. Ablondi, C. F. W olf, and J. H . W il
liams, J. Org. Chem., 17, 19 (1952).

(6) J. B. Koepfli, J. F. Mead, and J. A . Brockman, Jr., J. Amer. Chem. 
Soc., 71, 1048 (1949).
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near its melting point, and the melting point could be 
observed only on very rapid heating. The ir spectra of 
the three compounds were run in arsenic trichloride 
solution. The spectra of the natural product and 
the synthesized ¿rans-febrifugine were identical while 
the spectrum of the cis isomer differed in the 900- 
1250-cm_1 region.

The 100-MHz nmr spectra of the diacidic salts of 
the acetate esters of the natural product and the syn
thesized iraws-febrifugine (2c) were compared and found 
to be identical. Acetylation of the cis isomer could 
not be accomplished; so its nmr spectrum could not be 
compared with the other two. The resonance of the 
proton at the point of attachment of the acetonyl 
side chain in the piperidine ring appeared as a quartet 
centered at 5 3.98 with a splitting of 7 Hz. This 
assignment was made by irradiating the sample at the 
absorption frequency of the side-chain methylene 
adjacent to the piperidine ring, which collapsed the 
quartet to a doublet (J =  7 Hz). A  coupling con
stant of 7 Hz for the two methine hydrogens on the 
piperidine ring is somewhat smaller than would be 
expected for the trans-diaxial hydrogens in a normal 
trans disubstituted six-membered ring in the chair 
conformation, but it is also much too large for the cis 
isomer. The cis isomer would be expected to prefer 
the conformation 4 where the acetate ester group is in

the axial position. In this conformation both methine 
hydrogens are anti coplanar with electronegative 
heteroatoms. The axial-equatorial coupling constants 
observed in similar situations are of the order of 1-2 
Hz or less.7 The resonance for the methine (at 100 
MHz) adjacent to the acetate ester function appears 
as a multiplet centered at 5 5.0. The separation be
tween the outermost lines is about 20 Hz and the 
pattern seems to fit for coupling constants of about
4-5, 7, and 9-10 Hz. These values indicate that this 
hydrogen is probably in an axial position.

Since our data all pointed to the conclusion that febri- 
fugine was trans rather than cis as Baker, et al., have 
proposed,3b we decided to examine the earlier work 
for a possible key to the resolution of this difference. 
The original stereochemical assignment was made on 
the basis of the chemistry of intermediates in a syn
thesis other than the one we used.3b This synthesis 
begins with hydrogenation of a derivative of 0- (2- 
furyl)-/3-alanine (5a). Baker, et al., reported that, 
when /3-(2-furyl)-,8-alanine was hydrogenated over 
platinum oxide and the crude mixture of tetrahydro 
compounds (6a and 7a) was treated sequentially with 
hydrobromic acid at 100°, sodium hydroxide at 100°,

(7) H . Booth, Tetrahedron Lett., 411 (1965); H. Booth and G. C. Gidley, 
Tetrahedron. 21, 3429 (1965).

and ethyl chloroformate in the presence of sodium 
hydroxide in the cold, a l-ethoxycarbonyl-3-hydroxy-2- 
piperidylacetic acid (8) (Scheme I) was obtained which

Scheme I

[H]
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C O C A
a series, R = H
b series, R = C6H5CO 10

was unreactive toward alcohol derivatizing reagents, 
even after several hours in boiling acetyl chloride. This 
compound was converted into an isomer of febrifugine 
and therefore has the “ wrong” relative stereochemistry 
in the piperidine ring.

On the other hand, if iV-benzoyl-/3-(2-furyl)-|8- 
alanine (5b) was hydrogenated over palladium on 
carbon the major product was 7. When this compound 
was treated with hydrobromic acid at 100°, the crystal
line lactone (9) was isolated. This lactone, in the 
presence of triethylamine in chloroform, cyclized to the 
lactone of 3-hydroxy-2-piperidylacetic acid. Benzoyla- 
tion of this amino lactone in the presence of triethyl
amine yielded the lactone 10, which was converted into 
febrifugine.

Baker, et al., concluded that the lactonizable hydroxy 
acid was cis and the unreactive one trans.3b Since our 
work required the opposite assignment, it was decided 
to reinvestigate these intermediates. The sequence 
5b-7b-9-10 was repeated, and the melting points and 
chemical properties of all the compounds agreed with 
those reported.3b The ir spectra were in accord with 
the assigned structures. The nmr spectrum of 1- 
benzyol-3-hydroxy-2-pyridylacetic acid lactone (10) 
was measured at 60 MHz. The resonance of the proton 
at Ci of the piperidine ring appeared as a quartet 
(J = 8.5 Hz) centered at 8 5.15. The resonance for the 
C3 proton appeared as a multiplet centered at <5 4.68
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which was made up of two triplets (J  = 8.5 Hz) 
separated by 5.0 Hz.

A technique for relating nmr coupling constants to 
conformation, called dihedral angle estimation by the 
ratio method (DAERM ), has recently been reported.8 
The D A ER M  method requires a proton coupled to a 
vicinal methylene group. The dihedral angles are cal
culated from the ratio (eq 2), of the two Karplus 
equations (1) using the observed values for and ./2,

Ji = fci cos2 <jn — C  O ^ i i>, ^ 90° (la)
Ji = k2 cos2 fa — C  90 ^ </> <C180° (lb)

(Ji +  C ) / { J t  +  C )  =  (fci/fa)(eos2 <i>i/cos2 </>2) (2)

C =  0.28 and /ci//c2 = 0.9, and substituting W  — <j>i and 
W  +  <fo. for <£2, where W  is the H -C -H  dihedral angle 
(usually 120°). The nmr spectrum of l-benzoyl-3- 
hydroxy-2-piperidylacetic acid lactone (10) reveals 
that the proton at C2 of the piperidine ring is coupled to 
the protons at Ca of the lactone and C3 of the piperidine 
ring with J  values of 8.5 Hz. The proton at C3 is in 
turn coupled to those at C-4 with J  values of 5.0 Hz 
and 8.5 Hz. Using these values and the further con
dition that at least one dihedral angle (4>\) must be 
<90° to avoid large strains in the ring, the values in 
Table I were calculated.

T a b l e  I

D A E R M  Calculations op 5.0 Hz- and 8.5 Hz-Couplings
Obsd coupling Calculated Calcd
-—constants—- dihedral angles Karplus constants

Set J  i J 2 <t> 2 k i k z

1 5 .0 8 .5 40 160 9 .0 0 9 . 9 3
2 5 .0 8 .5 64 56 2 7 .3 6 2 8 .1 4
3 8 .5 5 .0 56 64 2 8 .1 4 2 7 .3 6
4 8 .5 5 .0 15 135 9 .4 1 1 0 .56

Sets 2 and 3 are equivalent and correspond to the 
cis conformer 11 with an axial oxygen. This structure

H a

H e H e

can be eliminated because the Karplus constants are 
much too large. Sets 1 and 4 have reasonable Karplus 
constants. The dihedral angles around the C3-C4 
axis are about the same in the Dreiding models of the 
cis conformer 12 with the lactone a-methylene in the 
axial position and in the trans isomer 13. They are in 
the range of 40-60 and 160-180°, corresponding quite 
well with the values calculated in set 1. Using the

(8) K. N. Slessor and A. S. Tracey, Can. J .  Chem., 49, 2874 (1971).

Karplus equations calculated for set 1, the H-C2-C3-H 
dihedral angle (J  =  8.5 Hz) was calculated to be either 
9 or 160°. The 160° value compares well with the 
160-170° angle shown by the model of the trans isomer, 
but the angle in the cis conformer 12 is 40°. The 
angle approaches 0° as 12 is flipped into the boat con
formation as indicated by the small arrows. The 
trans isomer 13 can be flipped into a twist conformer, 
as indicated by the small arrows, with hardly any 
change in the dihedral angles of the C2-C3-C4 substit
uents. Set 4 in Table I requires that the groups on 
C3 and C4 be nearly eclipsed. This does not occur in 
any of the Drieding models, but it would be the case at 
some intermediate stage while flipping the conformer 11 
into a boat conformer as indicated by the arrows. 
Thus, while it is not possible to rule out a cis con
figuration on the basis of the nmr spectrum of 1- 
benzoyl-3-hydroxy-2-piperidylacetic acid lactone (10), 
the couplings observed seem more easily accommodated 
by the trans configuration.

It is instructive to compare the reactivity of 1- 
benzoyl-3-hydroxy-2-piperidylacetic acid (14) with the

OfN  C H 2

C O C e H 5 

14

reactivity of the cis and trans isomers of (2-hydroxy- 
cyclohexyl) acetic acid reported by Newman and 
VanderWerf.9 The lactone 10 was hydrolyzed with 
10% sodium hydroxide. Acidification of the resultant 
solution with 12 N  hydrochloric acid at room tem
perature precipitated the hydroxy acid 14. This 
compound was stable up to its melting point of 157- 
158°, but was relactonized upon refluxing in acetic 
anhydride solution for 1 hr. This behavior is similar to 
that of irons-(2-hydroxycyclohexyl) acetic acid (trans
i t » ,  which can be isolated by careful acidification of a 
cold alkaline solution, but is lactonized by heating to 
200° or refluxing several hours in dilute hydrochloric 
acid solution. The cis isomer of 15, in contrast, lac- 
tonizes spontaneously when an alkaline solution of 
the salt is neutralized at 0° with the stoichiometric 
amount of acid. The inertness of (1-ethoxycarbonyl-
3-hydroxy-2-piperidyl) acetic acid (8) compared to 
the (2-hydroxycyclohexyl) acetic acids may be due to 
interaction between the hydroxyl and amide functions. 
This interaction would be expected to be greater in 
the cis isomer where the hydroxyl group will be largely 
in the axial position.

We made some attempts at the resynthesis of cis- 
(l-ethoxycarbonyl)-2-piperidyl)acetic acid (8) to com
pare its spectral and chemical properties with trans- 
(l-benzoyl-3-hydroxy-2-piperidyl)acetic acid. In our 
hands the hydrogenation of /3-(2-furyl)-/3-alanine (5a) 
over platinum oxide or 5%  rhodium on alumina gave 
what seemed to be a mixture of the isomeric tetrahydro 
compounds 6a and 7a. However, the subsequent re
actions afforded the trans compounds 9 and 10 as the 
only isolable crystalline products. Thus, we were un
able to prepare 8. Since we did not have pure samples

(9) M. S. Newman and C. A. VanderWerf, J. Amer. Chem. Soc., 67, 233 
(1945).

a O H

C H , C O O H

15
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of the individual diastereomers 6a and 7a, we cannot 
explain this failure to obtain any 8.

While some of the chemistry of the intermediates 
related to febrifugine remains unclear, our results 
definitely point toward a trans configuration in the 
piperidine ring. Since Hill and Edwards10 have deter
mined that the absolute configuration of the 2' position 
is S, we propose (2%',3'i?)-3-[3-(3-hydroxy)piperidyl]- 
acetonyl-4(3H)-quinazolinone (16) as the structure of

16

febrifugine. The absolute configuration of the hy
droxyl group is the same as that in 5-hydroxylysine,11 
which is a plausible precursor, and also the same as
5-hydroxypipecolic acid.12

Experimental Section
Elemental analyses were performed by Galbraith Laboratories, 

Inc., Knoxville, Tenn. All melting points are uncorrected. Ir 
spectra were recorded on a Perkin-Elmer Infracord, Model 137. 
Nmr spectra were recorded on a Yarian A-60 or a Yarian HA100.

Febrifugine Dihydrochloride (16 2HC1).— The alkaloid was 
isolated according to Ablondi, et al., method I I .4 The yield from 
1320.65 g of dried hydrangea cuttings (common Easter variety) 
was 315 mg of the dihydrochloride salt: mp 222-225° dec. 
(lit.4 mp 223-225°); ir spectrum (mineral oil mull) identical 
with the published spectrum;4 [a]26D +15.3° (standard deviation 
3.3°, c 0.75, H20 )  {lit.4 [ « ] 31d  +12.8° (c 0.85, H ,0 )} . Anal. 
Calcd for C„H i,N ,0„-2H Cl: C, 51.3; H, 5.7; N , 11.2; Cl,
19.0. Found: C, 51.5; H, 5.4; N, 11.3; Cl, 19.0.

di-frans-Febrifugine Hydrobromide (2a HBr).— This compound 
was synthesized from (3-methoxy-2-piperidyl)-2-propanone con
taining ~ 7 0 %  trans isomer1 according to a modification of the 
method of Baker and M cEvoy12 using allyl chloroformate rather 
than ethyl chloroformate to block the secondary amine function. 
The crude product was recrystallized from 95% ethanol to give 
the pure trans isomer, mp 229-231°. Anal. Calcd for CieHu- 
NsC+HBr: C, 50.3; H, 5.3; N, 11.0; Br, 20.9; OCH3, 0.0. 
Found: C, 50.0; H, 5.0; N, 10.9; Br, 20.7; OCH3, 0.2.

df-cis-Febrifugine Dihydrobromide (2b 2HBr).— This compound 
was synthesized from as-(3-methoxy-2-piperidyl)-2-propanone 
using the same sequence as for the trans isomer, mp 199-201°.

Anal. Calcd for C16H19N303' 2HBr: C ,4 1 .5 ; H, 4.6; N , 9.1; 
Br, 34.5; OCHa, 0.0. Found: C, 40.5; H, 4.6; N , 8.5; Br, 
33.7; OCH3, 0.3.

Febrifugine Free Bases.— The free base of the natural product 
was prepared from the dihydrochloride according to the procedure 
of Hutchings, et al.,6 in 81% yield, mp 156.5-158.5° (lit.6 mp
154-156° for the higher melting dimorph).

The synthetic stereoisomeric febrifugines were liberated from 
their salts in the same fashion. The df-trans compound 2a had 
mp 178.5-180.5° and the df-cis compound had mp 134-136° 
(resolidified and remelted at 178.5-181.5°).13

Comparison of the spectra in arsenic trichloride solution and 
the R< values demonstrated that the naturally occurring com
pound was the trans isomer. The tic chromatograms were run 
by spotting solutions of the alkaloid salts on E. Merck alumina G 
plates, overspotting with aqueous sodium carbonate, and de
veloping with 5%  methanol in benzene. The spots were located 
by spraying the developed plates with 50% sulfuric acid and 
heating. Rt values were 0.15 for the trans compounds and 0.3 
for the cis.

Febrifugine Acetate Dihydrochloride (2c 2HC1).— This com
pound was prepared in 43% yield from the natural product ac
cording to the procedure of Hutchings, et al.:6 mp 190-194° 
(lit.6 nip 184-188°); nmr (100 MHz, D 20 )  5 1.5-2.4 m, 4 H, 
CH2CH2, 2.20 (s, 1 H, CHjCO), 3.0-3.6 (m, 2 H, NCH2), 3.43 
(d, J  =  7 Hz, 2 H, CH2CO), 3.98 (q, J  =  7 Hz, 1 H, NCH ),
4.75 (s, exchangeable H ), 5.0 (m, 1 H, OCH), 5.26 (s, 2 H, 
NCH2CO), 7.65-8.24(m ,4 H, aromatic), 8.91 (s, 1 H, N = C H N ). 
Anal. Calcd for Ci8H21N30 4• 2HC1 : C, 51.9; H, 5.6; N , 10.1; 
Cl, 17.0. Found: C, 52.2; H, 5.6; N , 10.3; Cl, 16.7.

The trans synthetic compound was acetylated in the same 
manner to give a 71% yield of a diacidic salt, mp 228-229° 
(from 2B ethanol), which contained 69% chloride and 31% 
bromide. It was homogeneous by tic on alumina G (10 and 20% 
methanol in chloroform and 5 and 20% methanol in benzene). 
Its nmr spectrum was identical with that of the compound derived 
from the natural product. Anal. Calcd for C i3H2iN 30,-1.38- 
HCl-0.62HBr: C, 49.1; H, 5.3; N , 9.6; Br, 9.8; Cl, 11.7. 
Found: C, 48.7; H, 5.3; N, 8.9; Br, 10.2; Cl, 11.8.

No satisfactory conditions were found for acetylating the cis 
synthetic compound.

l-Benzoyl-3-hydroxy-2-piperidylacetic Acid Lactone (10).—
This compound was synthesized according to thè procedure of 
Baker, et al.:3b mp 99-101° (lit.3b mp 99-101°); nmr (60 MHz, 
CDCls) 6 1.25-2.60 (m, 4 H, CH2CH2), 2.75 (d, J  =  8.5 Hz, 2 
H, CH2CO), 3.08 (m, 1 H, axial CH2N ), 3.88 (d of t, 1 H, 
equatorial CH2N ), 4.69 (m, J =  8.5, 8.5, and 5.0 Hz, 1 H, 
OCH), 5.15 (q, J = 8.5 Hz, 1 H, NCH ), 7.46 (s, 5 H, aromatic).

Registry No.—2a, 39037-90-6; 2a HBr, 39037-91-7; 
2b, 39037-92-8; 2b 2HBr, 39000-93-6; trans-2c 2HC1, 
39037-93-9; 16 2HC1, 39037-94-0; trans-(3-methoxy-
2-piperidyl)-2-propanone, 39037-95-1; cis-(3-methoxy- 
2-piperidyI) -2-propanone, 39037-96-2.

(10) R . K . Hill and A. G. Edwards, Chem. Ind. (London), 858 (1962).
(11) B. Witkop, Experientia, 12, 372 (1956).
(12) B . W itkop and C. M . Foltz, J. Amer. Chem. Soc., 79, 192 (1957).

(13) The lower melting point is observed only on rapid heating. When  
the cis isomer is heated slowly, it isomerizes without melting (melting point 
and mixture melting point).



Synthesis of A -N or Steroids J. Org. Chem., Vol. 88, No. 10, 1978 1941

Nor Steroids. X . Synthesis of A-Nor Steroids via the Dieckmann Condensation1,2

H arold  R . N a c e * an d  A lbert  H . Sm it h 3

Department of Chemistry, Brown University, Providence, Rhode Island 02912 

Received December 6, 1972

Dieckmann condensation of dimethyl 2,3-seco-5a-pregnan-20-one-2,3-dioate (la) gave an 84% yield of 3a-car- 
bomethoxy-A-nor-5a-pregnane-2,20-dione (lie). Alkylation of l ie  with methyl iodide gave a 91% yield of a 1:1 
mixture of the 3a- and 3/3-methyl /3-keto esters IId,e. Hydrolysis and decarboxylation of the mixture gave a mix
ture of 3a- and 3/3-methyl-A-nor-5a-pregnane-2,20-diones (IIf,g) (80-85% 3a-methyl isomer). The same se
quence of reactions in the cholestane series gave the /3-keto ester I lia  in 70% yield, and alkylation of this with 
methyl iodide gave a mixture of the 3-methyl epimers IIIb,c in 69% yield. Hydrolysis and decarboxylation gave 
a 70% yield of 3a-methyl-A-nor-5a-cholestane-2-one (Hid).

In a previous study1 the application of the Dieck
mann condensation, followed by the methylation of the 
resulting /3-keto ester, to prepare 3-methyl-A-nor- 
androstanes was described. This synthesis has now 
been extended to the pregnane and cholestane series.

In an earlier investigation4 the condensation of 
dimethyl 2,3-seco-5a-pregnan-20-one-2,3-dioate (la) 
using sodium methoxide in benzene gave none of the 
desired product, but gave a 40% recovery of starting 
material and a 13% yield of A  -nor-5a-pregnane-2,20- 
dione (Ha), apparently formed by loss of the carbo- 
methoxy group under the conditions of the reaction. 
Using sodium in toluene, only starting material was 
recovered.

Since it seemed possible that in the earlier study the 
active hydrogens of the 21-methyl group might be 
interfering with the condensation, the 20,20-ethylene- 
dioxy derivative (lb) of the seco ester was prepared,

CH3

C = R 2 3 4

Ia,R'= CH3;R2 =  O

b, R '= C H 3;R 2 =  0C H 2CH20
c, R ' =  H, R2 =  0

CH3

C = R 3

IIa,R '= R2 =  H;R3 =  0
b, R' =  H; R2 =  C02Me; R3 =  0CH2CH20
c, R' =  H;R2 =  C02Me;R3 =  0
d, R' =  CH3; R2 =  C02Me; R3 =  0
e, R' =  C02Me; R2 =  CH3; R3 =  O
f, R' =  CH:J, R2 -  H; R1 =  O
g, R' =  H; R2 =  CH3; R3 =  O

(1) For the previous paper in the series see H . R . Nace and J. L. Pyle, 
J. Org. Chem., 36, 81 (1971).

(2) Supported in part by the USPH S under Grant No. 5R01 A M  11024- 
02M C H A.

(3) Abstracted from the Ph.D . Thesis of A . H. S., Brown University, 
1968.

(4) D . H. Nelander, Ph.D . Thesis, Brown University, 1963.

m a ,R ' =  H ,R 2 =  C 02Me
b, R ' =  CH3; R2 =  COvMe

c, R ' =  C 02M e;R2 =  CH3

d, R ' =  H ; R2 =  CH3

and the Dieckmann condensation was carried out using 
potassium feri-butoxide in benzene and terf-butyl 
alcohol. A  70% yield of the desired A-nor-/3-keto 
ester I lb was obtained, and its structure was established 
by hydrolysis and decarboxylation to the known 
A-nor-5a-pregnane-2,20-dione (H a).

Although this result seemed to substantiate the 
hypothesis that the 21-methyl group was causing the 
trouble in the earlier study, the condensation of the 
seco ester 20 ketone la  was repeated, but with potassium 
¿eri-butoxide in place of sodium methoxide. In this 
instance an 84% yield of the desired 3a-carbomethoxy- 
A -nor-5a-pregnane-2,20-dione (lie) was obtained, thus 
eliminating the interference of the 21-methyl group as 
the cause of the decarboxylation. The reasons for the 
lack of success in the earlier experiments are not 
known.

Although Fuchs and Loewenthal in an earlier study5 
had claimed that the condensation of the seco ester in 
the cholestane series gave the 3/3-carbomethoxy isomer, 
the nmr data on the /3-keto esters in the pregnane 
series indicated that the carbomethoxy group was a. 
The C-3 hydrogen appeared as a doublet at 5 3.08 
(J  = 13 Hz) for the /3-keto ester 20-ethylene ketal lib .

Molecular models indicate that the dihedral angle 
for the hydrogens at C-3 and C-5 in the 3/3-carbo
methoxy isomer is approximately 30°, while the angle 
for the 3a isomer is about 150°. Using the Williamson- 
Johnson modification6 of the Karplus equation,7 
the /3 isomer should show J  =  7.5 Hz for the 3a hy
drogen, and the a isomer should show J  =  13 Hz for 
the 3/3 hydrogen. The observed J  value of 13 Hz 
indicates that the condensation product is indeed the 
3a-carbomethoxy isomer lib .

The condensation product from the 20-keto com
pound l ie  showed absorption of the C-3 hydrogen at 
5 3.01 (./ = 13 Hz), again indicating that the product

(5) B. Fuchs and H. E . Loewenthal, Tetrahedron, 11, 199 (1960).
(6) K . L. Williamson and W . S. Johnson, J. Amer. Chem. Soc., 83, 4623 

(1961).
(7) M . Karplus, J . Chem. Phys., 30, 11 (1959).
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was the 3a-carbomethoxy isomer. These structures 
are in accord with those assigned in the androstane 
series by Nace and P yle,1 and in the cholestane series 
by Paranjape and Pyle8 and the present authors (see 
below).

The./3-keto ester (20-keto series) l ie  was alkylated 
with potassium ferf-butoxide and methyl iodide to 
give a mixture of the 3 a- and 3/3-methyl /3-keto esters 
IId,e in 91%  yield. Integration of the nmr peaks for 
the 3a- and 3/3-OCOCH3 (8 3.62 and 3.65) indicated 
that the mixture was 1:1.

The alkylated /3-keto ester was hydrolyzed and 
decarboxylated by heating in a mixture of hydro
chloric and acetic acids, to give a mixture of 3a- 
and 3/3-methyl-A-nor-5a-pregnane-2,20-diones (Ilf,g). 
The nmr spectral data (see Experimental Section) 
indicated that the mixture contained 80-85% of the 
3a-methyl isomer Ilg. Once the (3-keto acid is de
carboxylated, the 2 ketone can readily equilibrate to 
give the observed ratio, in which the 3a-methyl com
pound is the more stable, by analogy with the results 
obtained for the unalkylated /3-keto ester.

In order to clear up any ambiguity about the struc
ture of Fuchs and Locwenthal’s /3-keto ester,8 their work 
was repeated. Dimethyl 2,3-secocholestane-2,3-dioate 
was treated with potassium ieri-butoxide to give the 
d-keto ester I l ia  in 70% yield, with physical constants 
identical with those reported. In the nmr spectrum 
the C-3 hydrogen appeared at 8 3.08 (J =  13 Hz), 
indicating that it was /3, as discussed above. Ac
cordingly, the carbomethoxy group must be a, con
trary to the previous assignment. No change in the 
J  value was observed at 40 MHz.

Alkylation of the d-keto ester with methyl iodide and 
potassium ieri-butoxide gave the 3-methyl derivative 
IIIb,c in 69% yield, as a mixture of isomers epimeric at 
C-3.

Hydrolysis and decarboxylation proved to be difficult, 
but prolonged heating with acetic acid and hydrogen 
bromide gave 3a-methyl-A-nor-5a-cholcstan-2-one 
(Illd) in 70% yield. The 100-MHz nmr spectrum 
showed a doublet at 8 1.03 (J  = 7 Hz) for the 3a- 
methyl group, and there was no indication that any of 
the 3d isomer was present.

On the basis of these results and those previously 
reported, the alkylation of A-nor-/3-keto esters offers 
an attractive route for introduction of a methyl group 
into the five-membered ring.

Experimental Section9

2,3-Seco-5a-pregnan-20-one-2,3-dioic Acid (Ic).— To a solution 
of 12.6 g (40.0 mmol) of 5a-pregnane-3,20-dione in 535 ml of 95% 
acetic acid was added 12.6 g of chromium trioxide, the solution

(8) B. V . Paranjape and J. L. Pyle, J. Org. Chem., 36, 1009 (1971).
(9) Melting points were determined with a Herschberg apparatus and 

Anschutz thermometers and are corrected. Analytical determinations were 
by Schwarzkopf Microanalytical Laboratory or Midwest Microlab, Inc. 
Nm r spectra were determined on Varian Models H R -60 and A -60A spectrom
eters at 60 M H z, unless specified otherwise. T M S  was used as internal 
standard and peak positions are reported in parts per million (5) downfield 
from T M S . The authors are indebted to Dr. J. MacReed of the Plastics 
Department, E . I. du Pont de Nemours and Co., for the two 100-M H z spec
tra. Mass spectra were obtained with a Hitachi Perkin-Elmer Model 
R M U -6 D  mass spectrometer equipped with an M G -150 solid sample direct 
inlet into the ionization chamber. Thin layer chromatography (tic) was 
performed on type K  301 R Eastman chromagram sheets coated with 
silica gel, the tic’s were developed with 3 :1  benzene-ether, and the spots were
visualized by spraying with 2,4-dinitrophenylhydrazine in phosphoric acid-

was heated at 60° for 10 hr, then 500 ml of water was added and 
the mixture was allowed to stand overnight at room temperature. 
Then it was extracted with 10 X 300 ml of ether, and the extract 
was washed with water and evaporated to dryness under reduced 
pressure. The residue was added to 1 1. of 20% K 2C 03 solution 
and additional K 2C 03 was added to pH 9. After washing with
4 X  200 ml of ether the solution was acidified with concentrated 
HC1 and the resulting precipitate was collected, washed with 
water, and air dried. Recrystallization from acetic acid-water 
gave 5.46 g (38%) of seco diacid: mp 216-217.5° (lit.10 mp 218°); 
[« ]d + 9 1 ° (c 0.48, CHC13); iff 0.69 (3 :1 :1  benzene-ether-acetic 
acid) ir (CHC13) 3500-2600 and 1710 cm "1; nmr (CDC13) 5 
0.62 (C-18 CH3), 0.82 (C-19 CH3), 2.13 (C-21 CH3), and 8.38 
(COOH); mass spectrum (70 eV) m/e (rel intensity) 364 (0.3) 
(M +), 44 (base peak).

Dimethyl 2,3-Seco-5a-pregnan-20-one-2,3-dioate (la).— A solu
tion cf 1.02 g (2.8 mmol) of 2,3-seco-5a-pregnan-20-one-2,3-dioic 
acid in 240 ml of a 10% methanolic hydrogen chloride solution 
was boiled under reflux for 3 hr, allowed to stand overnight at 
room temperature, and then evaporated to dryness under reduced 
pressure. Water (100 ml) was added to the residue, then K 2C 0 3 
to pH 9, and the mixture was extracted with 4 X  50 ml of ether. 
The extract was washed with saturated brine, dried (Na2S 04), 
and evaporated to give 942 mg (86%) of a colorless oil which could 
not be crystallized: iff 1.00; ir (CHC13) 1735 and 1702 cm-1; 
[ « ] d  + 7 1 ° (c 0.9, CHC13); nmr (CC14) 5 0.57 (C-18 CH3), 0.80 
(C-19 CH3), 2.05 (C-21 CH3), and 3.63 (s, 6, OCH3).

Dimethyl 2,3-Seco-20,20-ethylenedioxy-5«-pregnane-2,3-dioate 
(lb ).— A solution of 1.20 g (3.0 mmol) of the seco diester and 80 
mg of p-toluenesulfonic acid in 40 ml of benzene and 12.5 ml of 
ethylene glycol was boiled under reflux with a Dean-Stark trap 
for 24 hr while 20 ml of distillate was removed. Then 25 ml more 
of benzene was added and refluxing was continued for 20 hr. 
The reaction mixture was extracted with 3 X 20 ml of benzene, 
and the extract was washed with alcoholic KOH, water (2 X  20 
ml), and 25 ml of saturated brine, dried (Na2S04), and evaporated 
to give 1.28 g (94%) of a pale yellow solid. Recrystallization 
from methanol gave the product as white needles: mp 128-129.5°; 
ir (CC14) 1745 cm -1; [a]D + 63 ° (c 0.96, CHC13); R, 1.15; nmr 
(CCh) 5 0.70 (C-18 CH3), 0.78 (C-19 CH3), 1.20 (C-21 CH3),
3.28 (broad, 4, -0 C H 2CH20 - ) ,  and 3.58 (s, 6, OCH3); mass 
spectrum (70 eV) m /e (rel intensity) 421 (1.7) (M + — CH3), 87
(b&SG p63/k)

Anal. Calcd for C25H40O6: C, 68.78; H, 9.23. Found: C, 
69.68,69.95; H, 9.16, 9.33. Further recrystallization and drying 
did not improve the analytical values, and the high value for 
carbon is anomalous.

3a-Carbomethoxy-20,20-ethylenedioxy-A-nor-5a-pregnan-2- 
one (lib ).— Under nitrogen, 0.07 g (1.8 mg-atom) of potassium 
was added to 5 ml of ieri-butyl alcohol and 5 ml of benzene (sol
vents dried for 24 hr over calcium hydride and distilled), and after 
the potassium had reacted, a solution of 150 mg (0.34 mmol) of 
the seco ester lb  in 10 ml of benzene was added with a syringe 
with stirring. The solution was then boiled under reflux (nitrogen 
atmosphere) with a Dean-Stark trap for 17 hr, during which time
5 ml of solvent was removed. The dark orange solution was 
cooled to room temperature, 15 ml of water, 20 ml of benzene, 
and 1 ml of dilute HC1 were added, the benzene layer was washed 
with water, 5%  NaH C03, and water (to neutrality) and dried 
(Na2S04), and the solvent was evaporated to give 97 mg (70%) 
of white solid. Recrystallization from methanol gave the A-nor 
compound l ib  as white needles: mp 177-179°; [ a ] D  + 98 ° (c
1.01, CHC13); ir (CHC13) 1755 and 1725 cm -1 (an acetone solu
tion gave a green color with ferric chloride); nmr (CDC13) 5 
0.80 (C-18 CH3), 0.88 (C-19 CH3), 1.30 (C-21 CH3), 3.08 (d, 
J =  13 Hz, C-3 /3-H), 3.75 (s, 3, OCH3), and 3.93 (m, 4, OCH 2- 
CH20 )  (at 40 MHz the 3.08 doublet had J = 12.5 Hz); mass 
spectrum (70 eV) m/e (rel intensity) 389 (2.3) (M + — CH3), 87 
(base peak).

ethanol solution, or exposure to iodine vapor. The R( values were measured 
relative to 5a-pregnane-3,20-dione. Vapor phase chromatography (vpc) 
was performed on an Aerograph Model 204 chromatograph, equipped with 
a flame ionization detector, and a 4-ft column packed with a 1 %  QF-1 coating 
on Gas-Chrom Z support. The Tr values refer to retention times relative 
to that of A-nor-5a-pregnane-2,20-dione as the standard at the temperature 
specified.

(10) R . E . Marker, O. Kam m , and D . M . Jones, J. Amer. Chem. Soc., 59, 
1595 (1937). This procedure consistently gave low yields, ca. 1 5 % , in our 
hands.
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Anal. Calcd for C2J I ,60 5: C, 71.25; H, 8.97. Found: C, 
71.57; H, 9.24.

Hydrolysis and Decarboxylation of the A-Nor Ketal lib .— A
solution of 100 mg (0.25 mmol) of the above A-nor compound in 
15 ml of glacial acetic acid and 5 ml of concentrated HC1 was 
boiled under reflux for 70 hr (2 ml of water added after 48 hr) and 
cooled to room temperature, 20 ml of water was added, and the 
mixture was extracted with ether. The ether was evaporated, 
50 ml of water was added to the residue, K 2C 03 was added to 
neutralize acetic acid, and the mixture was extracted with 3 X 20 
ml of ether. The extract was washed with water and saturated 
brine, dried (MgSCR), and evaporated to give 50 mg (67%) of 
solid which was recrystallized from ethanol-water to give A-nor- 
5a-pregnane-2,20-dione (Ha), mp 174-177° (lit.11 mp 176-179°). 
The ir and nmr spectra and Rs were identical with those of an 
authentic sample; mass spectrum (70 eV) m/e (rel intensity) 302
(75.6) (M +), 43 (base peak).

Dieckmann Condensation of Dimethyl 2,3-Seco-5a-pregnan- 
20-one-2,3-dioate (la ).—The ester (450 mg, 1.15 mmol) in 26 ml 
of benzene was added to 0.15 g of potassium dissolved in 12.5 ml 
of ierf-butyl alcohol and 17.5 ml of benzene, heated as above for 
17 hr, and worked up as above to give 345 mg (84%) of 3a- 
carbomethoxy-A-nor-5a-pregnane-2,20-dione (lie ). A 240-mg 
sample was chromatographed on 10 g of silica gel and elution with 
5% ether in benzene gave 200 mg of white solid: mp 144-150°; 
ir (CHC13) 1755, 1725, and 1700 c m '1; nmr (CDC13) 5 0.63 
(C-18 CH3), 0.90 (C-19 CH3), 2.10 (s, 3, C-21 CH3), 3.01 (d, 1, 
/  =  13 Hz, C-3 /3-H), and 3.73 (s, 3, OCOCH3). The addition 
of 2 drops of D 20  had no effect on the spectrum, but a few crys
tals of K 2C 03 caused ar. immediate decrease in the intensity of 
the doublet at S 3.01, and after 5 m in  th e  doublet had virtually 
disappeared. No other change was apparent in the spectrum, 
even after 24 hr.

Mass spectrum (70 eV) showed m/e (rel intensity) 360 (58.6) 
(M+), 43 (base peak); [a]589 +167°, [a]5,8 + 179°, [a]s« +205°, 
[a]336 +467°, [a]365 +1176° (c 0.3, CHC13). A portion was sub
limed at 130° (0.25 mm) to give the analytical sample, mp 147- 
150°.

Anal. Calcd for CmH320 4: C, 73.30; H, 8.95. Found: 
C, 73.10; H, 8.93.

Méthylation of the A-Nor Ester lie .— To a solution of 800 mg 
(2.22 mmol) of 3a-carbomethoxy-A-nor-5a-pregnane-2,20-dione 
(lie ) in 5 ml of benzene was added a solution of 400 mg (2.8 
mmol) of potassium iert-butoxide in 40 ml of ¿ert-butyl alcohol 
(all carried out in a drybox under nitrogen), and the solution was 
stirred for 45 min. Then 430 mg of methyl iodide (distilled from 
zinc dust) was added, and the solution was stirred for 2 hr and 
then boiled under reflux under nitrogen overnight. After cooling, 
10 ml of 6 A  hydrochloric acid and 100 ml of benzene were added, 
and the benzene layer was removed, washed with water, K 2C 03 
solution, water again to neutrality, and saturated brine, dried 
(MgSCR), and evaporated to give 758 mg (91%) of 3-carbo- 
methoxy-3-methyl-A-nor-5a-pregnane-2,20-dione (IId,e) as a 
colorless oil which could not be crystallized: ir (CHC13) 1750, 
1725, and 1700 cm "1; Rt 1.06; nmr (CDC13) 5 0.67 (C-18 CH3), 
0.92 (broad, shoulder at 0.88, C-19 CH3), 1.30 and 1.37 (C-3 a- 
and P-CHs’s), 2.13 (C-21 CH3), 3.67 and 3.68 (C-3 a- and /3- 
OCOCHs’s); in CC14, 5 3.62 and 3.65 (C-3 a- and /3-OCOCH3’s, 
integration indicated a 1:1 mixture).

3-Methyl-A-nor-5«-pregnane-2,20-dione (IIf,g).— A solution 
of 878 mg (2.35 mmol) of the methylated A-nor ester in 80 ml of 
glacial acetic acid and 80 ml of concentrated HC1 was heated at 
97° for 6 days (20 ml of water was added after the first day), then 
cooled to room temperature and added to 400 ml of water. 
Solid K 2C 03 was added ô basicity and the solution was extracted 
with ether. The extract was washed to neutrality with water, 
then with saturated brine, dried (MgSCh), and evaporated to 
give 550 mg of brown solid, which was chromatographed on 40 
g of silica gel. Elution with 10% ether in benzene gave 262 mg 
of a yellow solid, a mixture of 3a- and 3/3-methyl-A-nor-5a- 
pregnane-2,20-dione (IIf,g): nmr (CDC13) S 0.65 (C-18 CH3), 
0.8-1.18 (m, 7, C-19 and C-3 CH3’s, plus one proton from the 
steroid nucleus, indicating a mixture of C-3 epimers), and 2.12 
(C-21 CH3).

The 100-MHz spectrum (CDC13) showed 5 0.64 (s, C-18 CH3), 
0.87 (d, J =  1 Hz, C-19 CH3), 0.88 (d, J  =  6.5 Hz, C-3 CH3),
1.02 (d, /  = 6 Hz, epimeric C-3 CH3’s), and 2.11 (s, C-21 CH3);

(11) H. R, Nace and A. C. Watterson, Jr., J. Org. Chem., 31, 2109 (1966).

in benzene-rlj, 5 0.52 (s, C-18 CH3) and 1.18 (s, C-21 CH3). The 
C-19 CH3 was shifted upheld to 5 0.54. The larger of the C-3 
CH3 doublets remained relatively unshifted at 5 1.00 (J = 7 Hz) 
and was assigned to the C-3 a-CH3. The smaller doublet was 
shifted upfield to S 0.62 ( /  = 7 Hz) and was assigned to the C-3 
/3-CH3. Integration of these two doublets indicated a mixture of 
80-85% of the a-methyl and 15-20% of the /3-methyl epimer, ir 
(CHCla) 1735 and 1698 c m '1.

The solid was sublimed at 90° (0.25 mm) to give 190 mg (25%) 
of the methyl A-nor ketone mixture, mp 125-135°, R{ 1.10 
(elongated spot). A portion of this material was resublimed at 
90° (0.4 mm) to give an analytical sample, mp 126-134°, mass 
spectrum (70 eV) m/e (rel intensity) 316 (49.2) (M +) and 43 
(base peak).

Anal. Calcd for C2iH320 2: C, 79.69; H, 10.19. Found: 
C, 78.92; H, 10.10.

A second fraction (250 mg) was also eluted from the column 
with 10% ether in benzene, and the brown solid appeared to be a 
mixture of two components, Rt 0.61 and 1.17, the latter the 
epimeric C-3 methyl mixture, based on the nmr spectrum.

Dimethyl 2,3-Secocholestane-2,3-dioate.— A solution of 1.31 
g (3.06 mmol) of 2,3-secocholestane-2,3-dioic acid In 270 ml of 
10% methanolic hydrogen chloride was allowed to stand at room 
temperature for 4 days, and then the solvent was removed under 
reduced pressure and the residue was triturated with 150 ml of 
K 2C 03 solution (pH 10). The mixture was extracted with ben
zene, and the extract was washed with water and saturated brine, 
dried (MgSCR), and evaporated to give 1.40 g of white solid. 
This was chromatographed on 50 g of silica gel and elution with 
benzene gave 1.35 g (95%) of the dimethyl ester: mp 61-63° 
(lit.6 mp 62-64°); ir (CHC13) 1730 cm -1; Ri 1.56; 7 V 16 2.03; 
[a]D + 21 ° (c 0.75, CHCls); nmr 5 0.65 (C-18 CH3), 0.78 (C-19 
CH3), 0.88 (side chain CH3’s), and 3.68 (s, 6, OCH3’s).

3«-Carbomethoxy-A-nor-5a-cholestan-2-one (Ilia).— A solu
tion of 790 mg (1.5 mmol) of the seco ester in 36 ml of dry ben
zene was added rapidly to a stirred solution of 0.15 g (3.7 mg- 
atom) of potassium in 17.5 ml of benzene and 17.5 ml of tert- 
butyl alcohol (both solvents distilled from calcium hydride) and 
the resulting solution was boiled under reflux (nitrogen atmo
sphere, Dean-Stark trap) for 17 hr while 25 ml of distillate was 
collected in the trap. The solution was then cooled to room 
temperature, 30 ml of water and 10 ml of dilute HC1 were added, 
the water layer was removed, and the organic layer was made up 
to 150 ml with benzene. It was then washed with water, 5% 
NaH C03, and water and dried (MgSCh), and the solvent was re
moved to give 636 mg of an oil which solidified on standing. Re
crystallization from methanol gave 517 mg (70% ) of 3a-carbo- 
methoxy-A-nor-5a-cholestan-2-one: double mp 109.5-110.5° 
and 121-123° (lit.6 mp 110-111° and 120-121°); ir (CHC13) 
1755 and 1725 c m '1; [« ]d + 99 ° (589 nm), + 105° (578), +124° 
(546), +268° (436), and +658° (365) (c 0.71, CHC13) (lit.6 
[ a ] D + 11 9°); Ri 1.40; T r 216 1.30; nmr S 0.67 (C-18 CH3), 0.80 
(C-19 CH3), 0.85, 0.90 (side chain CH3’s), 2.16 (d, 2, C-1-CH0,
3.08 (d, 1, J  =  13 Hz, C-3 H), and 3.75 (s, 3, OCH3) (at 40 
MHz, the C-3 H appeared as a doublet, J =  12.9 ±  0.5 Hz); 
mass spectrum (70 eV) m/e (rel intensity) 430 (42) (M +), 275 
(base peak).

3«-Methyl-A-nor-5«-cholestan-2-one (Illd ).— To a solution of 
150 mg (0.35 mmol) of the /3-keto ester in 7.5 ml of dry benzene 
was added a solution of 60 mg (0.42 mmol) of sublimed potassium 
¿eri-butoxide in 7.5 ml of ierf-butyl alcohol, the solution was 
stirred for 0.5 hr, and then 37.5 ,ul (1-3 equiv) of methyl iodide 
(distilled from Zn dust) was added, and the solution was stirred 
for 3 hr. All of the preceding operations were carried out in a 
dry box under a nitrogen atmosphere. Then 10 ml of dilute 
HC1 and 40 ml of benzene were added, the water layer was re
moved after shaking, and the organic layer was washed with 
water, saturated K 2C 03 solution, and water and then dried 
(MgSCR) and evaporated to give 113 mg (69%) of 3-earbome- 
thoxy-3-methyl-A-nor-5a-cholestan-2-one (IIIb,c) as a colorless 
oil which solidified to a low-melting solid on standing: ir
(CHCls) 1749 and 1725 cm "1; nmr (CDCls) 6 0.68 (s, C-18 CH3), 
0.83 and 0.92 with shoulders at 0.90 and 0.95 (C-19 CH3 and 
side chain CH3’s), 1.30 and 1.35 (C-3 CH3), and 3.67 with a 
shoulder at 3.75 (C-3 OCOCH3); in benzene, 5 0.63 (C-18 CH3), 
0.90, 1.00, 1.05, and 1.10 (C-19 CH3 and side chain CHs’s), 1.35 
(C-3 CH3), 3.32 with a shoulder at 3.33 (C-3 OCOCH3). The 
nmr data indicated that two isomers, epimeric at C-3, were pres
ent.
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A 100-mg (0.26 mmol) sample of the mixture in 5 ml of glacial 
acetic acid and 4 ml of concentrated HC1 was boiled under reflux 
for 4 days and poured into 40 ml of water, and the mixture was 
extracted with benzene (3 X 15 ml). The extract was washed 
with water until neutral, with 10 ml of saturated K 2C 0 3 solution, 
and with water (4 X 10 ml) and dried (M gS04), and the solvent 
was removed to give 88 mg of white solid, nmr (CC14) b 3.60 
(C-3 OCOCH3, half the area of the C-18 CH3 at 0.67, indicating 
only about 50% hydrolysis). The mixture was taken up in 4 
ml of glacial acetic acid and 4 ml of 48% hydrobromic acid and 
boiled under reflux for 2.5 days. After work-up as above 63 mg 
(70% ) of a white solid was obtained; the nmr spectrum showed 
no methoxy absorption at 5 3.60. After recrystallization from 
methanol, 54 mg of 3a-methyl-A-nor-5a-cholestan-2-one (H id) 
was obtained: double mp 124-125.5° and 131.5-133°; U ]5S9 
+  110°, [a]678 +113°, [a]H6 +138°, [<*]«, +296°, [a ],« +754° 
(c 0.15, CHCI3); 7 V 16° 1.26; R, 1.40; nmr (CDCI3) 5 0.70 (s,

C-18 CHS), 0.83, 0.88, 0.93, and 0.97 (C-19 CH3 and side chain 
CH3’s), and a new peak at 1.08 (part of doublet for C-3 CH3); 
nmr (100 M Hz) (CDC13) b 0.70 (s, C-18 CH3), 0.85, 0.90, 0.92, 
and 0.95 (s, C-19 CH3 and side chain CH3’s), and 1.03 (d, J = 
7 Hz, C-3 CH3); mass spectrum (70 eV) m/e (rel intensity) 386 
(68) (M +) and 231 (base peak).

Anal. Calcd for C27H46O: C, 83.87; H, 11.99. Found: 
C, 83.65; H, 12.09.

Registry N o.—Ia, 39010-42-9; lb, 39010-43-0; Ic, 
26654-59-1; lib , 39010-45-2; lie , 39010-46-3; lid , 
39010-47-4; He, 39010-48-5; Ilf, 39010-49-6; Ilg , 
39010-50-9; I lia , 27460-19-1; IHb, 39010-52-1; IIIc, 
39010-53-2; IHd, 39010-54-3; 5a-pregnanc-3,20-dione, 
566-65-4; 2,3-secocholestane-2,3-dioic acid, 1178-00-3; 
dimethyl 2,3-secocholestane-2,3-dioate, 1180-24-1.
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Diborane reduction, at room temperature, of 1,8-naphthalic anhydrides yields the corresponding cyclic ether 
(2,1,3-pen-naphthopyran) as sole isolable product. Reduction with diborane of 1,8-naphthalide also yields 
only the peri-naphthopyran, but in twice the yield obtained from the anhydride. If both the 2 and 7 positions in 
the anhydride are occupied, reduction fails to occur. Diborane reduction of 1,2-naphthalic anhydride, or of the 
adduct from anthracene and maleic anhydride, yields only the corresponding diol. Lithium aluminum hydride 
reduction, at room temperature, of 1,8-naphthalic anhydride yields no pen-naphthopyran, but a mixture of diol 
and 1,8-naphthalide; 1,2-naphthalic anhydride gives similar results. 2,7-Dimethoxy-l,8-naphthalic anhydride, 
on lithium aluminum hydride reduction in refluxing tetrahydrofuran, yields no diol but a mixture of naphthalide 
and cyclic ether, with increase in ratio of cyclic ether as reaction time is increased. The data indicate that the 
naphthalide (lactone) is a common intermediate for formation of either diol or cyclic ether and that diol is not an 
intermediate in cyclic ether formation. The first step in the sequence proceeds at a higher rate with lithium 
aluminum hydride, whereas the second step is faster with diborane. 7-Methyl-2,3,4,5-tetramethoxy-l,8-naph- 
thalic anhydride (1), on lithium aluminum hydride reduction, yields only one of the two possible naphthalides; 
structure 7 has been assigned on the basis of nmr data.

In the course of our earlier investigation2 of methods 
for synthesis of substituted 1,8-naphthalic anhydrides, 
it was discovered that diborane rapidly reduces this 
type of anhydride, at room temperature, to the corre
sponding cyclic ether, the 2,1,3-pen-naphthopyran. 
This result was unexpected, since diborane fails to re
duce acid chlorides at room temperature,3 and even so
dium borohydride, used by us for preparation of the 
diborane in  situ, reduces aromatic acid chlorides only 
slowly at steam bath temperature.4 The present in
vestigation is concerned with additional study of re
ductions with diborane and with lithium aluminum 
hydride.

1,8-Naphthalic anhydride, as well as 3-methoxy-1,8- 
naphthalic anhydride, give about the same yield (40%) 
on reduction at room temperature with diborane, and 
no other products could be isolated; however, when 
both the 2 and 7 positions were occupied, reduction 
failed to occur. Starting material was recovered when 
there was utilized either 2,7-dimethoxy-l,8-naphthalic 
anhydride or 7-methyl-2,3,4,5-tetramethoxy-l,8-naph- 
thalic anhydride5 (1). When the same reaction condi
tions were used for reduction of 1,8-naphthalide (2),
2,1,3-peri-naphthopyran was again obtained, but in

(1) This investigation was supported in part by a research grant (G-9866) 
from the National Science Foundation.

(2) J. Cason, A . Weiss, and S. A . Monti, J. Org. Chem., 33, 3404 (1968).
(3) H. C. Brown and B. C. Subba Rao, J. Amer. Chem. Soc., 82, 681 

(1960).
(4) S. W . Chaikin and W . G . Brown, ibid., 71, 122 (1949).
(5) J. Cason and D . M . Lynch, J. Org. Chem., 31, 1883 (1966).

-~80% yield.6 Thus, the intermediacy of 2 in the re
duction of 1,8-naphthalic anhydride is suggested.

When 1,2-naphthalic anhydride was subjected to 
diborane reduction, the sole product isolable from the 
reaction was the diol, 3. Similarly, when the adduct of

maleic anhydride and anthracene was reduced, the only 
product obtained was diol 4. Thus in absence of the 
notably stable 2,1,3-peu-naphthopyran system, cyclic 
ether is not formed. Much of the chemistry of the 
peri-substituted naphthalenes is dominated by the sta
bility of this ring system. For example, 1,8-naph
thalic anhydride fails to react with alcohols; indeed,

(6) There have been several reports of hydride reductions of esters, in
cluding lactones, to ethers. The pioneering report of reduction of lactones 
to tetrahydropyrans by diborane seems to be that of G. R . Pettit and T . R. 
Kasturi, J. Org. Chem., 26, 4557 (1961).
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heating of 1,8-naphthalic acid with methanol or ethanol 
yields 1,8-naphthalic anhydride. Additional consistent 
behavior of peri-substituted naphthalenes is reported 
in the investigation7 concerned with isolation of 
anhydride 1 as a degradation product of the naturally 
occurring pigment herqueinone.

In spite of the stability of the 2,1,3-pen-nap htho- 
pyran system, reduction of 1,8-naphthalic anhydride 
with lithium aluminum hydride at room temperature 
yields none of the cyclic ether. There results a 
mixture of naphthalide (2) and the diol, l,8-bis(hydroxy- 
methyl)naphthalene. Indeed, with this reducing agent, 
results with the 1,2-naphthalic anhydride are the same; 
products are diol 3 and the 1,2-naphthalide. In view of 
the significant hindrance exerted by an adjacent 
peri position in naphthalene, it seems safe to assume 
that the single 1,2-naphthalide obtained from the re
action has structure 5. In further evidence of the

5 6

impact of hindrance in this reaction, 2,7-dimethoxy-
1.8- naphthalic anhydride is reduced by lithium alu
minum hydride, after 3 hr at reflux in tetrahydrofuran, 
to yield the cyclic ether, 4,9-dimethoxy-2,l,3-pen- 
naphthopyran (6). After a brief period of reflux, the 
principal product is the intermediate 2,7-dimethoxy-
1.8- naphthalide.

The experimental results indicate that the reaction 
sequence with lithium aluminum hydride also involves 
the naphthalide as a common intermediate, and the 
cyclic ether is not formed by dehydration of the diol. 
Formation of the cyclic ether via the diol is also con
traindicated by the report8 that the diol is obtained in 
good yield when the lithium aluminum hydride reduc
tion of 1,8-naphthalic anhydride is carried out with 3 hr 
of heating under reflux in a benzene-ether mixture, with 
distillation of the ether toward the end of the reflux 
period. In diborane reduction of 3-mcthoxy-l,8- 
naphthalic anhydride, recovered alkali-soluble material 
consisted of starting material, not the naphthalide. 
Thus, our combined data reveal that with diborane the 
second step (lactone to cyclic ether) is the faster step, 
whereas with lithium aluminum hydride the second step 
is the slower one, regardless of whether the product is 
diol or cyclic ether.

Lithium aluminum hydride reduction of the highly 
substituted anhydride, 1, proved to yield a single
1.8- naphthalide; careful examination failed to detect a 
second isomer. On the basis of the location of the 
resonance line in nmr (c/. Table I) for the methylene 
hydrogens at r 4.23, structure of this lactone is assigned 
as 7, with the methylene hydrogens on the side with 
methyl. 1,8-Naphthalide displays this line at r 4.10, 
while 2,7-dimethoxy-l,8-naphthalide has it at r 4.31. 
Thus, structure 7, with the methylene hydrogens not 
adjacent to methoxyl, seems required, because the 
methylene hydrogens are significantly downfield from

(7) J. Cason, J. S. Correia, R. B. Hutchison, and R . F. Porter, Tetrahedron, 
18, 839 (1962).

(8) W . J. Mitchell, R . D . Topsom, and J. Vaughan, J . Chem. Soc., 2526 
(1962).

Table I
Nmr Spectra of  Anhydride 1 and Lactone 7

,-----------r values“ (number of H ’s)—
Type H i  7

ArH 3.20(1) 3.12 (1)
Ar CH20 4.23(2)
Ar OCH3 5.83 (6) 5.77 (3)
ArOCH3 5.90(3) 5.86 (6)
ArOCH3 5.97(3 ) 5.93 (3)
ArCH 3 7.11 (3) 7 .00(3 )

° All lines are singlets.

the location in the 2,7-dimethoxy-l,8-naphthalide, 
where they must be adjacent to methoxyl. Buttressing 
effect of additional methoxyls in 7 might shift the

CL V Hh

ch3o . ^ L ^ CH3 
T  1

CH30'A y K X  
T  h

ch3o o c h 3
7

methylene hydrogens further upheld, but not down- 
held. In additional support of structure 7, the reso
nance line for the aromatic methyl hydrogens in 7 is 
located at t 7.00, as compared to 7.11 in anhydride 1 
(Table I) ; so a different environment for the aromatic 
methyl in the two structures is revealed. No con
clusions concerning structure may be reached by com
paring positions of methoxyl hydrogens, on account of 
the relatively large effects of vicinal methoxyls on 
each other;7 indeed, the lowest held line results from six 
methoxyl hydrogens in 1, whereas six hydrogens are 
accounted for in the middle line of the three resonance 
lines in 7 (Table I) .

Experimental Section9
Reduction of 1,8-Naphthalic Anhydride. A. With Diborane.

— To a solution of 1.36 g (36 mmol) of NaBH4 in 37 ml of purified 
diglyme, stirred at room temperature in an atmosphere of Ns, 
was added portionwise 3.96 g (20 mmol) of powdered 1,8-naph
thalic anhydride. To the reddish turbid mixture was next 
added dropwise, during ~ 3 0  min, a solution of 6.8 g (48 mmol) 
of boron trifluoride etherate in 15 ml of purified diglyme. The 
ratio of NaBH4:BF3 is 3:4 , as required stoichiometrically for 
formation of BAL. Stirring at room temperature was continued 
for 2 hr. After about one-fourth of the BF3 had been added, the 
initially reddish solution turned clear yellow, and, after about 
three-fourths of the addition, a precipitate began to separate. 
The reaction mixture was worked up by addition of 100 ml of 
ice-water, followed by filtration, washing, and drying of the 
precipitate. Crystallization from commercial mixed hexanes 
yielded 1.36 g (40%) of 2,1,3-peri-naphthopyran: mp 76-80° 
[sublimation raised this to 82-83° (lit.10 mp 83-83.5°)]; ir clear 
in carbonyl region, aromatic absorption at 6.20 m; picrate mp
176-178° (lit.10'11 mp 177.5-178, 173.5-175°).

A similar run using double the ratio of NaBH4 gave 50% yield, 
mp 82-84°.

B. With Lithium Aluminum Hydride.— To a suspension of 
396 mg (2 mmol) of 1,8-naphthalis anhydride in 10 ml of purified 
tetrahydrofuran (THF), stirred in an atmosphere of Nj, there 
was added dropwise at room temperature, during 30 min, a 
solution of 228 mg (6 mmol) of LiAlH« in 20 ml of absolute ether.

(9) Melting points are corrected. Nmr spectra were recorded on a Varian 
A-60 instrument, in deuteriochloroform as solvent, with T M S  as internal 
reference. Microanalyses were by the Analytical Laboratory, Department 
of Chemistry, University of California, Berkeley.

(10) A . J. Weinheimer, S. W . Kantor, and C. R. Hauser, J . Org. Chem., 
18, 801 (1953).

(11) J. Cason and J. D . Wordie, J. Org. Chem., 15, 608 (1950).
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After stirring had been continued for 1 hr, excess LiAlH4 was 
destroyed by adding 15 ml of water, followed by 15 ml of 2 M  
H2SO4. The resultant two-phase solution was extracted with 
three portions of ether, and solvent was removed from the 
washed extracts. Repeated systematic crystallization of the 
residue from CHC13 yielded 100 mg (27%) of 1,8-bis(hydroxy
methyl )naphthalene, mp 156-157° (lit.10 mp 154-154.5°), ir and 
melting point identical with those of a sample synthesized by 
reduction of dimethyl 1,8-naphthalate with LiAlH4. Combined 
mother liquors from isolation of the diol were evaporated to dry
ness, and the residue was systematically recrystallized from 
ethanol to yield 143 mg (39%) of 1,8-naphthalide (2), mp 159- 
161°, ir and melting point identical with those of an authentic 
sample,11 but lit.11 melting point of same sample is 156.6-157.2°. 
Another sample of 2, purified via extraction into basic solution, 
had mp 157-161° (lit.12.13 14 15 mp 156-157, 159-160°). The sub
stance appears to be polymorphic.

Reduction of 1,8-Naphthalide (2) with Diborane.— Reduction 
of 184 mg of 2 by the same procedure described for 1,8-naphthalic 
anhydride, except that one-half the ratio of reducing agent was 
used, yielded, after crystallization, 135 mg (80%) of product, 
mp 80-83°.

Reduction of 3-methoxy-1,8-naphthalic anhydride2 with di
borane by the same procedure described for the unsubstituted 
anhydride yielded 43 mg of crude product from 72 mg of starting 
material. The crude product was heated under reflux for 15 
min with 23 ml of 1 N  NaOH (to dissolve any naphthalide 
present), and the cooled mixture was extracted with three 
portions of ether. Work-up of the alkaline solution yielded no 
naphthalide, but 10 mg of starting material, which, after crystal
lization from glacial acetic acid, had mp 246-250° (lit.2 mp 249- 
250°). Product recovered from the ether extracts was re
crystallized from hexane to yield 24 mg (38%), mp 80-83°, of 
5-m ethoxy-2,1, 3-peri-naphthopyran. By sublimation and fur
ther recrystallization was obtained an analytical sample: mp 
82-84°; ir clear in carbonyl region, aromatic absorption at 6.27 ft.

Anal. Calcd for Ci8H120 2: C, 78.0; H, 6.0. Found: C, 
77.6; H, 6.0.

Reduction of 1,2-Naphthalic Anhydride. A . W ith Diborane.
— A 396-mg sample of 1,2-naphthalic anhydride,14 mp 169-171°, 
was reduced as described for the 1,8 isomer. Recrystallization 
of the product from benzene yielded 240 mg (63%), mp 122- 
123°, of 1,2-bis(hydroxymethyl)naphthalene (3).

Anal. Calcd for Ci2H i20 2: C, 76.6; H, 6.4. Found: C, 
76.6; H, 6.2.

B. W ith Lithium Aluminum Hydride.— A 396-mg sample of 
the anhydride was reduced as described for the 1,8 isomer, and 
the product was first crystallized from benzene to yield 170 mg 
(45%) of diol 3, mp 122-123°, ir and melting point identical 
with those of sample from diborane reduction. Recrystal
lization from methanol of material recovered from the mother 
liquors yielded 84 mg, mp 157-158°, of 1,2-naphthalide, assigned 
structure 5.

Anal,15 Calcd for Ci2H80 2: C, 78.25; H, 4.4. Found: C, 
78.3; H, 4.45.

Diol 4.— A 5.52-g sample of the adduct from anthracene and 
maleic anhydride was reduced with diborane as described for 1,8- 
naphthalic anhydride, and the product was crystallized from 
benzene to yield 3.6 g (68%) of diol 4, mp 225-226° (lit.16 * mp 
221°). In view of the minor discrepancy in melting point and 
the previous report in a patent,16 a sample was analyzed.

Anal. Calcd for Ci8H180 2: C, 81.2; H, 6.8. Found: C, 
81.2; H, 6.9.

A 100-mg sample of diol 4 was converted to the cyclic ether by 
heating it under reflux for 20 hr with 5 ml of 35% H2S04, yield 
79 mg (85%), mp 182-183° from methanol (lit.16 mp 180-181°).

2,7-Dimethoxy- 1,8-naphthalic Anhydride.— Following the pro
cedure previously developed2 for synthesis of 3-substituted

(12) R . C. Fuson and G. Munn, J. Amer. Chem. Soc., 71, 1870 (1949).
(13) G. Errera and G. Ajon, Gazz. Chim. Ital., 44 (II), 92 (1914).
(14) P. A. S. Smith and R . O. Kan, J. Amer. Chem. Soc., 82, 4753 (1960).

Details of experimental procedure were adapted from the preparation of 
homophthalic acid: P. A . S. Smith and R . O. Kan, Org. Syn., 44, 62 (1964).

(15) Classical combustion analysis tended toward low values for several 
of the compounds encountered in this investigation; however, this naphtha
lide gave unacceptably low values (highest C, 77 .5 % ). The correct value was 
obtained, as for previously reported compounds,2 by the method depending 
on combustion in a sealed tube; cf. C. W . Koch and E. Jones, Mikrochem. 
Acta, 4, 734 (1963).

(16) H. Krzikalla, E . Woldan, and O. Dornheim, German Patent 736,024
(1943); Chem. Abstr., 38, 4620 (1944).

acenaphthenequinones, 3.04 g (16.2 mmol) of 2,7-dimethoxy- 
naphthalene (from acid-catalyzed methylation of commercial 
diol, mp 139-141° from ethanol, lit.17 mp 139°) and 4.48 g (16.2 
mmol) of diphenyloxalimide chloride yielded 5.5 g of crude 
product containing 3,8-dimethoxyacenaphthenequinone. Since 
difficulty was encountered in extracting the quinone into aqueous 
bisulfite, as experienced2 with another dimethoxyacenaphthene- 
quinone, the crude product was oxidized in a mixture of 22 ml of 
95% ethanol, 185 ml of 4 N  NaOH, 185 ml of 30%  H20 2, and 
256 ml of water. After the reaction mixture had been allowed to 
stand for 30 min with occasional shaking, the large (3.15 g) dark 
precipitate which still remained was removed by filtration. The 
white precipitate obtained by acidification of the alkaline filtrate 
was recrystallized from ethylene glycol to yield 869 mg (21% 
from 2,7-dimethoxynaphthalene) of the desired anhydride, mp 
346-348° (lit.18 mp 340-344°).

Reduction of 2,7-Dimethoxy-1,8-naphthalic Anhydride.—
Attempted reduction of 58 mg of this anhydride, with twice the 
normally used ratio of NaBH4 to BF8, resulted in recovery of 50 
mg of starting material. Reduction of 100 mg of the anhydride 
with LiA llb as described for the parent anhydride, except that 
the mixture was heated for 30 min under reflux, yielded 91 mg 
of crude product. This material was heated under reflux for 1 
hr with 10 ml of 10% methanolic KOH (to saponify any naph
thalide present), and the cooled and water-diluted solution was 
extracted with three portions of ether. The ether extracts 
yielded 27 mg of oily material, from which no pure product 
could be isolated. Acidification of the alkaline solution yielded 
33 mg of product, which gave after crystallization from methanol 
20 mg (21%) of 2,7-dimethoxy-l,8-naphthalide, mp 198-201°. 
After two additional crystallizations, the analytical sample had 
m pl99-202°; uv (c/. Table II); ir (CIICI3) 5.84 y, nmr r [./ (for

T a b l e  II
Uv Absorption op 1,8-Naphthalides“

1 ,8 -
Naphthalide r Xmax, nmb (e X  10-s )-

Parent c
2,7-Di-OCHs 2 1 8 (3 2 .9 )
7 2 2 4 (2 3 .1 )

213 (42 .0 ) 241 (23 .1) 3 1 4 (7 .1 )
2 3 2 (5 2 .9 )  255 (16 .4) 3 4 4 (1 1 .8 )
254 (40 .8) . . .  3 3 8 (9 .4 5 )

0 Solvent 95% ethanol. 6 Xm¡„ in order of listing above: 262
(1.05), 282 (2.7), 279 (1.5). c Below range observable in ethanol 
solvent.

doublets) =  9 Hz] 2.05 (d, l ,  Ar H), 2.23 (d, l ,  Ar H), 2.77 
(d, 1, Ar H) 2.83 (d, 1, Ar H), 4.31 (s, 2, Ar CH20 ) ,  5.85 (s, 3, 
Ar 0C H 3), 5.99 (s, 3, Ar OCH3).

Anal. Calcd for C,4H120 4: C, 68.8; H, 4.95. Found: C, 
68.4; H, 5.0.

In a similar reduction, except that twice the ratio of LiAlH4 
was used and heating was continued for 3 hr, the saponifiable 
material (naphthalide) amounted to only 6 mg and the neutral 
product W as 39 mg. Recrystallization from methanol yielded 
20 mg (22% ) of 4 ,9-dimethoxy-2, 1,3-peri-naphthopyran (6), mp 
130-133 ° . Two crystallizations from methanol yielded analytical 
sample: mp 132.5-134°; ir (CHC13) clear in carbonyl region, 
aromatic absorption at 6.15 y.

Anal. Calcd for Ci4H140 3: C, 73.0; H, 6.1. Found: C, 
72.6; H, 6.2.

Uv of 1,8-Naphthalides.—Uv absorption of the naphthalides is 
shifted to longer wavelengths (Table II) by the methoxyl sub
stitution adjacent to the ester function; however, additional 
methoxyl substitution (7) has little effect on the longest wave
length band, except to broaden it significantly on the low-wave- 
length side. The spectrum of 7 is also simplified, in that the 
band to be expected near 275 nm is entirely absent.

Reduction of Anhydride 1.6— Attempted reduction of 54 mg of 
1 with diborane by the same procedure applied to 1 ,8-naphthalic 
anhydride led to recovery of 30 mg of starting material; no 
homogeneous reaction product could be isolated, even after 
diverse applications of liquid-phase column chromatography. 
Reduction, during 30 min, of 100 mg of 1 with LiAlH4 and work
up via saponification with methanolic KOH followed the pro-

(17) H. Bunzly and H. Decker, Ber., 88, 3272 (1905).
(18) D . H . R . Barton, P. de M ayo, G. A. Morrison, and H. Raistrick, 

Tetrahedron, 6, 48 (1959).
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cedure described for 2,7-dimethoxy-l,8-naphthalic anhydride. 
No homogeneous product could be isolated from the base- 
insoluble fraction. After crystallization of the base-soluble 
material from methanol-water, there was obtained 17 mg (18%) 
of lactone 7, mp 112.5-114.5°, This material was combined 
with the products from two other similar runs, and, in solution 
in 10 ml of ether-hexane (2:3), was applied to a column of 10.6 
g of Woelm alumina (activity III). Elution with ether-hexane, 
then with ether, while observing band movement in uv light, 
revealed only a single blue band, which was finally eluted with 
ether. Crystallization of the eluted product (49 mg) from 
hexane yielded 43 mg of white crystals, mp 115.0-116.5°; two 
additional crystallizations gave the analytical sample of 7, mp
115.5-116.5°, ir 5.87 y (carbonyl), uv (Table II), nmr (Table I).

Anal. Calcd for CnHisOg: C, 64.1; H, 5.7. Found: C, 
64.0; H, 5.9.

Registry No.—1, 6398-92-1; 2, 518-86-5; 3, 39050-
28-7; 4, 26495-88-5; 5, 5657-01-2; 6, 39050-31-2; 7, 
39050-32-3; N aBH 4, 16940-66-2; LiAlH 4, 16853-85-3;
1.8- naphthalic anhydride, 81-84-5; diborane, 19287- 
45-7; 3-methoxy-l,8-naphthalic anhydride, 5289-78-1;
5-methoxy-2,l,3-pm'-naphthopyran, 39050-34-5; 1,2- 
naphthalic anhydride, 5343-99-7; 2,7-dimethoxy-l,8- 
naphthalic anhydride, 32432-09-0; 2,7-dimethoxy-
1.8- naphthalide, 39050-37-8.
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Anionic o- complexes are formed by the addition of 
nucleophiles to aromatic and heteroaromatic mole
cules.2 Recent studies of such complexes, commonly 
called Meisenheimer-type complexes, have provided 
new insights into the effects of structure on the addi
tion of nucleophiles to unsaturatéd carbon centers.

We wish to call attention to a class of anionic a com
plexes long postulated3 but largely uncharacterized. 
The complexes are formed by the reaction of amide ion 
with hetarenes.

We now report the first unambiguous evidence in the 
form of nmr spectra for the existence of anionic <r com
plexes I—III formed by the addition of amide ion to

isoquinoline and quinoline. Amide ion adds faster to 
C -2  than to C-4 of quinoline to give I I  but th e C-4  
adduct (III) is more stable; i.e., kinetic and thermody
namic products are formed, respectively.

Complexes I—III have long been postulated to occur 
in the Chichibabin amination of isoquinoline and

(1) Presented in part at the Gordon Conference on Heterocyclic Chemistry, 
New Hampton, N . H ., June 26-30 , 1972.

(2) M . J. Strauss, Chem. Rev., 70, 667 (1970).
(3) K . Ziegler and H . Zeiser, Chem. Ber., 63, 1847 (1930).

quinoline.4'5 Some appear to have been isolated by 
Bergstrom in the 1930’s, but owing to their instability 
in the solid state they were characterized only super
ficially.

Results and Discussion

In the presence of excess K N H 2, reaction with iso
quinoline or quinoline is complete and rapid; no het- 
arene can be detected by nmr when mixtures are ex
amined shortly after preparation. When substrate is 
present in excess, spectra of both complexed and free 
heterocycles are observed, and there is no evidence of 
signal averaging between these two, either in coupling 
constants or chemical shifts.

A significant change occurs in the pattern of a single 
multiplet of a complex as the amide ion concentration is 
varied. The multiplicity decreases as the concentra
tion of K N H 2 increases. This means that amide ion 
catalyzes proton transfer between the amino group of 
an adduct and solvent, leading to spin decoupling.7,8 
When the amide ion concentration is low, this exchange 
is slow and spin coupling is observed. This multiplic
ity change serves as a useful way to recognize the 
proton signal of the tetrahedral center of the complex 
and provides direct evidence for a complex containing 
an amino group. In the absence of amide ion, iso
quinoline and quinoline in NH3 show no evidence of 
adduct formation.

Isoquinolines. — The spectrum of the com plex  
between isoquinoline and amide ion at — 10° shows a 
broad multiplet at r 2.7-3.65, a triplet ( J h c n h  = 7.0 
Hz) at r 4.66 which collapses to a singlet when amide 
ion is present in excess and a doublet (Js,4 = 5.5 Hz) at 
t 5.13. The triplet-singlet change and the lack of 
further splitting indicates that the adduct is formed by

(4) F . W . Bergstrom, J. Amer. Chem. Soc., 56, 1748 (1934); Justus Liebigs 
Ann. Chem., 515, 34 (1934); J. Org. Chem., 2, 411 (1937); ibid., 3, 233, 424 
(1938).

(6) Simple ions are written here, but early conductance studies indicate 
that ion pairing is important in ammonia.8

(6) C. A . Kraus, J. Phys. Chem., 58, 673 (1954), and references oited 
therein.

(7) R . A . Ogg, Jr., Discuss. Faraday Soc., No. 17, 215 (1954).
(8) T . J. Swift, S. B. Marks, and W . G . Sayre, J. Chem. Phys., 44, 2797 

(1966).
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Figure 1.— Nmr spectra of complexes between quinoline and 
amide ion in ammonia at —45°. Insert B shows H-3 and cou
pling of the amino group to H-4 of III. Spectra A and C show 
mixtures of II and III, the former complex being present in 
larger amount. Quinoline-^-d was used to obtain C.

addition of amide ion to C -l. If amide ion had added 
to any other ring carbon, a more complex multiplet 
would have resulted.

The doublet at r 5.13 could be associated with either 
C-3 or C-4 of the complex. In order to distinguish be
tween these two possibilities a complex between K N H 2 
and 4-methylthioisoquinoline was prepared. (A meth- 
ylthio group has only a small influence on the shift of a 
proton at an ortho position.9) When similar quantities 
of the aromatic compound and the complex were pres
ent at room temperature, a broad multiplet of the 
adduct at t  2.83-3.65 and a triplet ( J h c n h  = 7.2 Hz) at 
t  4.93 (CH-1) and an SCH3 singlet at r 8.11 were ob
served. No other signal at t ~ 5  was apparent. The 
anionic <j complex formed in this instance must have 
structure IV.

SCH,

IV

The nmr shifts observed for IV  allow an unambig
uous assignment of the signals of I. The high-field 
doublet must be associated with C-4. For I and also 
IV  the C-3 signal must lie in the broad multiplet asso
ciated with the protons of the carbocyclic ring.

When isoquinoline forms complex I, the signals of C -l 
and C-4 shift upfield by 4.1 and ~ 3  ppm, respectively. 
Similarly, for 4-methylthioisoquinoline the C -l and 
SCH3 shifts are 4.0 and 0.65 ppm, respectively. Other 
signals due to ring protons shift by smaller amounts. 
These shifts2 provide further strong evidence for the 
existence of a complexes I and IV.

Quinoline.—A  mixture of quinoline and excess K N H 2 
or NaNH 2 when examined at —45° shortly after 
preparation provides a time-dependent spectrum. 
After the mixture stands for a few minutes or after it is

(9) W . E . Stewart and T. H. Siddall, III, J. Phys. Chem., 74, 2027 (1970); 
W . Brtlgel, Z. Elektrochem., 66, 159 (1962).

warmed above — 45°, the signals at t 5-6 increase as 
those at t 4-5 decrease. Cooling the sample does not 
reverse the change. This indicates that two complexes 
are being formed and that one is being converted into 
another. Figure 1A shows the spectrum of an adduct 
mixture at — 45°; about 75%  of II and 25% of III are 
present. When the amide ion concentration is de
creased, coupling of ~ 7  Hz to an NH2 in III becomes 
apparent. This is shown in Figure IB. Owing to 
signal overlap, amino coupling in II is less clear and 
consequently is not shown. The partial spectrum 
shown in B  was obtained when approximately equal 
concentrations of quinoline, and its complexes were 
present. The tetrahedral center (H-2) of II shows a 
signal at r 4.9 while that (H-4) for III is at r  5.3.

Unequivocal identification of II and III results from 
a consideration of a spectrum of complexes formed 
from quinoline-#-d. Figure 1C shows such a spectrum; 
again II is present in larger amount than III.

On deuteration the upfield multiplet of II centered at 
t  4.8 ( T 2 ,3 =  4.3 Hz) collapses to a doublet due to H-3 
(JiA = — 1 Hz and ,/3,4 = 9.0 Hz). The splitting of 
H-3 of III at r 5.8 by H-2 (J2,s = 6.5 Hz) also vanishes, 
leaving a doublet (J?,,4 =  4.3 Hz). No four-bond cou
pling is observable in adduct III. In addition 
there is a reduction in area by one proton of the mul
tiplet at t 3-4 and a change in appearance around r 
3.4, owing to the absence of H-2 of III. Note that the 
signal of the tetrahedral center in the more stable 
adduct is not lost on deuteration at position 2, clearly 
showing that this complex is not II but III.

The multiplet at r 4.4 of II is tentatively assigned to 
H-6 rather than to H-7 because it is para to the elec
tron-donating nitrogen center. The shielding of this 
proton and of H-3 of III relative to H-3 of II suggests 
that more charge is delocalized into the benzene ring in 
II than in III.

The signal for H-2 shifts to higher field by 3.8 ppm 
when II is formed; H-4 shifts by about the same amount 
on forming III. These large shifts provide strong evi
dence for the formation of anionic <r complexes.2

Since quinoline is completely converted into III in 
the presence of a slight excess of amide ion, it is likely 
that this complex is formed in an exothermic reaction 
having a transition state which does not closely re
semble the product ion.10 Hence the structural and 
solvation factors which influence the energies of the 
transition and product states need not be similar. It 
therefore is understandable that, even though III is more 
stable than II, it need not form faster. The allylic 
type resonance stabilization possible in III but not in II 
may account for the greater stability of III over II.

In other experiments some consequences of complex 
formation on the chemical reactivity of quinoline in 
NH 3 were demonstrated by examining base-catalyzed 
deuterium-hydrogen exchange. A  competition ex
periment involving quinoline-#-«! and naphthalene-d8 in 
K N H .“ NH3 was carried out at room temperature. In 
the absence of adduct formation quinoline is expected 
to undergo the hydrogen exchange reaction faster than 
naphthalene does, just as pyridine is more reactive than 
benzene.11 However, the results of the competition

(10) G . S. Hammond, J. Amer. Chem. Soc., 77, 334 (1955).
(11) J. A . Zoltewicz, G. Grahe, and C . L. Smith, J. Amer. Chem. Soc., 91, 

5501 (1969); I. F. Tupitsyn, N . N . Zatzepina, A . W . Kirowa, and J. M . 
Kapustin, Reakts. Sposobnost Org. Soedin., 5, 601 (1968).
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experiment showed that naphthalene undergoes more 
extensive D -H  exchange than quinoline. This result 
is understandable in terms of deactivation due to 
adduct formation. We suggest that such a competi
tion experiment may serve as a simple chemical method 
of detecting a complexes in other heterocyclic systems.

Such deactivation due to a complex formation prob
ably accounts for the observation that 4-ter(-butyl-5- 
bromopyrimidine-d-d (V) does not undergo significant 
exchange in K N H 2-N H 3.12 In the absence of the addi
tion of amide ion the pyrimidine is expected to be more 
reactive than deuterated pyridine in an H -D  exchange 
reaction;11 yet it is less reactive.

The present results along with those given in our 
earlier report dealing with the formation of complexes 
V I-V III from diazines13 show that a complex forma-
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by the National Science Foundation (GP 25500 and 
R P C T -A Y E ).
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v vi vn vni
tion between amide ion and hetarenes is extensive. 
Clearly an area awaits further profitable investigation. 
It promises to provide a wealth of new information, 
especially about complexes of simple heteroaromatic 
compounds which do not react in the more widely em
ployed solvent-base systems.2

Experimental Section

Quinoline-#-«! was prepared by heating equal volumes of 
quinoline and D 20  at 225° for 2 days in a bom b .14 Nmr analysis 
indicated > 95%  deuteration. Naphthalene-«^ (> 95%  D ) was 
obtained from Merck Sharpe and Dohme of Canada.

The general procedure for obtaining nmr spectra of ammonia- 
amide ion reaction mixtures has been presented.16 Trimethyl- 
amine (r 7.87) or benzene (r 2.60) served as a shift standard. A 
Varian A-60A spectrometer having a V-6040 variable tempera
ture controller was employed.

Competitive H ydrogen-Deuterium  Exchange of Quinoline-#-«! 
and Naphthalene-ds in Ammonia.— Potassium amide (0.3 M ) was 
generated by the method indicated above. To a precooled Parr 
metal bomb, flushed with nitrogen, was added 60 ml of amide 
solution. This was followed by the addition of 0.0074 m of 
naphthalene-dg and 0.0051 m of quinoline-#-«!. The sealed bomb 
was heated in running tap water for 45 min, cooled in acetone- 
Dry Ice, and opened; the reaction was quenched by the addition 
of 3.2 g of NH4CI. After evaporation of the solvent, the residue 
was treated with 50 ml of 18% KOH to remove salts and then 
dissolved in ether. The aqueous solution was extracted with 2 
X 30 ml of ether. The combined ether phases were exposed to 
2 X 30 ml of 1 M  HC1. Evaporation of the ether gave naph
thalene which was sublimed. The nmr spectra of a mixture of 
purified naphthalene and ¿erf-butyl alcohol (area standard) 
indicated that 74% dedeuteration had resulted.

Quinoline was recovered from the HC1 following neutralization 
with Na2C 0 3 and extraction with ether (2 X 25 ml). Nmr 
analysis of the ether solution showed that 20%  dedeuteration 
had taken place.

Registry N o.—II, 38896-70-7; III, 38896-68-3; IV, 
38896-69-4; isoquinoline, 119-65-3; quinoline, 91- 
22-5; 4-methyl thioisoquinoline, 38896-71-8; amide ion, 
17655-31-1.

(12) H. C . van der Plas, P. Smit, and A. Koudijs, Tetrahedron Lett., 9 
(1968).

(13) J. A. Zoltewicz and L. S. Helmick, J. Amer. Chem. Soc., 94, 682 
(1972).

(14) J. A . Zoltewicz and C. L. Smith, J. Amer. Chem. Soc., 89, 3358 (1967); 
U . Bressel, A . It. Katritzky, and J. R. Lea, J. Chem. Soc. B , 4 (1971).

(15) J. A. Zoltewicz and L. S. Helmick, J. Org. Chem., 38, 658 (1973).

The discovery that heteroaromatic molecules may be 
transformed into their covalent hydrates in aqueous 
solution is of great importance. In the hydration pro
cess a water molecule or hydroxide ion serving as a 
nucleophile adds to a ring carbon atom to give a hy
droxy derivative. This brings about major changes in 
the physical and chemical properties of the original 
substance.2’3

We wish to call attention by this report to analogous 
structural transformations involving heteroaromatic 
molecules in ammonia solvent. Covalent amination 
results.4 Examples reported here include quaternized 
isoquinoline, quinoline, phthalazine, triazanaphthalene,
3-substituted pyridines and quinoxaline. These cations 
are converted in liquid ammonia, free of added amide 
ion, into aminodihydro structures I-IX . The amina-

VIII, G = COCH3

tion reactions are remarkable in that they are complete 
in minutes below 0°. No starting material could be 
detected by nmr at equilibrium.

The present study complements our other investiga
tions which show that uncharged heteroaromatic mole
cules such as the diazines, isoquinoline, and quinoline 
react rapidly and completely with amide ion in am-

(1) Presented in part at the Gordon Conference on Heterocyclic Chemis
try, New Hampton, N. H ., June 26—30, 1972.

(2) W . L. F. Armarego, Advan. Heterocycl. Chem., 1, 253 (1963); A. 
Albert and W . L. F. Armarego, ibid., 4, 1 (1965); D . D . Perrin, ibid., 4, 43 
(1965); A. Albert, Angew. Chem., Int. Ed. Engl., 6, 919 (1967); D . Beke, 
Advan. Heterocycl. Chem., 1, 167 (1963).

(3) J. W . Bunting and W . G . Meathrel, Can. J. Chem., 50, 919 (1972).
(4) Amino complexes of the type reported here have been isolated. For 

example, N-substituted isoquinolinium and quinolinium ions give crystalline 
solids with piperidine.6

(5) F. Krohnke and J. Vogt, Justus Liebigs Ann. Chem., 600, 211 (1956).
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T a b l e  I
C h e m i c a l  S h i f t s  ( t ) a n d C o u p l i n g  C o n s t a n t s  o f  A m i n o d i h y d r o  C o m p o u n d s “

Compd H -l H -2 H-3 H -4 Other J, Hx

I 4.85 3.63 4.55 H-5-H-8, 2.7-3.0 J , .  4 =  7
NCH,, 6.90 J i., =  1.2

II 4.97 4.67 H-5-H-8, 2.7-3.0 
NCH,, 7.02 
CCH,, 8.06

III 5.21 4.14 H-4-H-8, 2.6-3.4 J , ti =  9.8
NCH,, 6.97 J 2,3 —  5.5

IV 4.87 2.45 H-5-H-8, 2.4-2.7 
NCH,, 6.78

V 2.176 1 ,93b H-6, 4.82; H-7, 3.60; H-8, 3.27 /  6,7 =  4.5
NCH,, 6.84 J 7,8 =  10

J 2,3 =  3

VI 1.51 3.15 H-5, 4.62; H-6, 4.94 Jh, 6 =  4
NCH,, 6.52 t/4 ,6  =  1 0

J 2 ,4  — 2.5
VII 2.75 3.71 H-5, 4.72; H-6, 5.10 — 4.5

NCH,,6 6.74 J 4 ,5  =  10
S02CH,,b 7.03 J%, 4 =  2

VIII 2.38 3.35 H-5, 4.75; H-6, 5.12 /5 ,6  = 4.5
NCH,, 6.74 J 4 ,6  =  1 0

COCH,, 7.87 J 2,4 =  2

IX 5.93b 6.04b H-5-H-8, 3.41 
NCH,, 7.10

t/2 ,8  — 2.5

“ Nmr spectra of covalent amination products I, III, V, VIII, and IX  appear following these pages in the microfilm edition of this vol
ume of the journal. Single copies may be obtained from the Business Operations Office, Books and Journals Division, American Chemi
cal Society, 1155 Sixteenth Street, N.W., Washington, D. C. 20036, by referring to code number JOC-73-1949. Remit check for $3.00 
for photocopy or $2.00 for microfiche. b Assignments may be interchanged.

monia to give anionic covalent amination products.6 
Clearly, animations must be taken into consideration 
when dealing with the chemistry of heteroaromatic 
compounds in ammonia7 because major changes in 
physical and chemical properties are expected to re
sult. The amination phenomenon is not limited to 
heterocyclic compounds.8

Structural assignments I -I X  are based on the nmr 
data listed in Table I and on the well-established prin
ciple that the nucleophile will add to a carbon center so 
as to neutralize the charge on the quaternized nitrogen 
atom. This center generally will be located a or 7  to 
the nitrogen atom. Product signals are at higher fields 
than those of the precursor cations. For example, 
reaction of 2-methylisoquinolinium ion10 with ammonia 
gives a single product showing up-field shifts for H -l, 
H-3, and H-4 of about 4.4, 2 , and 3 ppm, respectively. 
Such large shielding factors are similar to those known 
to result when nucleophiles add to aromatic rings.11 
Chemical shifts and coupling constants are consistent 
with those of known dihydro structures.3' 12'13 No

(6) J. A . Zoltewicz and L. S. Helmick, J. Amer. Chem. Soc., 94, 682 (1972); 
J. A . Zoltewicz, L. S. Helmick, T. M . Oestreich, R . W . King, andP. E . Kan- 
detzki, J. Org. Chem., 38, 1947 (1973).

(7) H . Smith, “ Organic Reactions in Liquid Ammonia,” Vol. 1, Part 2, 
Interscience, New York, N . Y ., 1963; H . J. den Hertog and H . C. van der 
Plas in “ Chemistry of Acetylenes,” H . G. Viehe, Ed., Marcel Dekker, New  
York, N . Y .,  1969, Chapter 17; T . Kauffmann and R . Wirthwein, Angew. 
Chem. Int. Ed. Engl., 10, 20 (1971).

(8) Polynitrobenzenes also have been reported to react with ammonia to 
give amino complexes.9

(9) R . Foster and R . K . Mackie, Tetrahedron, 18, 161 (1962).
(10) Iodide and perchlorate salts show identical spectra, thus eliminating 

the possibility that iodide ion rather than ammonia served as the nucleophile.
(11) M . J. Strauss, Chem. Rev., 70, 667 (1970).
(12) R . Bramley and M . D . Johnson, J. Chem. Soc., 1372 (1965); C . J. 

Cooksey and M . D . Johnson, J. Chem. Soc. B, 191 (1968); J. W . Bunting
and W . G. Meathrel, Tetrahedron Lett., 133 (1971); H. Albrecht and F.
Krohnke, Justus Liebigs Ann. Chem., 717, 96 (1968); T . Severin, H . Lerche,
and D . Batz, Chem. Ber., 102, 2163 (1969); 103, 1 (1970).

spin coupling between the amino group and the proton 
of the newly formed tetrahedral carbon is found and 
none is expected. The probable stoichiometry of the 
addition reaction is given in eq 1. The ammonium ion 
product is expected to catalyze proton exchange be
tween solvent and the amino group, leading to spin 
decoupling. 15 In agreement with this, the solvent 
shows a singlet rather than its usual triplet spectrum.

I I  I I + nh,
C H ,N = C H  +  NH, ; z ±  CH,NCHNH,

+

CH,NCHNH2 +  N H T (1)

It is most likely that 2-methyl- and 2,3-dimethyliso- 
quinolinium ions react with ammonia at C -l to give 
aminodihydro compounds I and II. Of all the ring 
proton signals, that for H -l, easily recognized by the 
absence of large spin coupling, is found at the highest 
field (Table I). This is consistent with the formation 
of a tetrahedral center at C -l by an addition reaction. 
Addition to C-3 or to a carbon atom of the carbocyclic 
ring can be ruled out if it is assumed that the proton at 
the tetrahedral center will resonate at high field. Such 
a proton is not expected to show a single, small (1.2 Hz) 
coupling as is found in the present case. Comparison 
of the spectra for I and II indicates that this 1.2-Hz 
coupling is likely to involve H -l and H-3 of I. Note 
that the coupling constant involving the vinyl center

(13) Ring-opened structures can easily be eliminated as possibilities. 
N o aldimine signals are found at low fields. Coupling constants, e.g., 2 -5  
Hz, for products from pyridinium ions are too small to be consistent with such 
structures.14

(14) L. M . Jackman and S. Sternhell, “ Applications of Nuclear Magnetic 
Resonance Spectroscopy in Organic Chemistry,” 2nd ed, Pergamon Press, 
New York, N . Y ., 1969, p 191 and Chapter 4; R . Kuhn and E . Teller, 
Justus Liebigs Ann. Chem., 715, 106 (1968).

(15) R . A . Ogg, Jr., Discuss Faraday Soc., N o. 17, 215 (1954); D . R . 
Clutter and T. J. Swift, J. Amer. Chem. Soc., 90, 601 (1968).
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directly bonded to the annular nitrogen atom is 7 Hz. 
In the case of II  a new spectrum is observed at room 
temperature, corresponding to methylamine and 3- 
methylisoquinoline.

Although ammonia could add to the C-2 and C-4 
positions of 1-methylquinolinium ion to give mixed 
monoaddition products, varying the temperature from 
— 50 to 25° had no influence on the nature of the spec
trum. Hence, only a single structure is detectable. 
That ammonia added to C-2 and not to C-4 follows 
from the spectrum of the adduct having deuterium at 
C-2. The doublet at r 5.21 which is expected to be 
associated with the newly formed tetrahedral center 
disappeared on deuteration, showing that ammonia 
added to C-2 to give III. The large coupling constant 
(9.8 Hz) found for the vinyl protons in the nonaromatic 
ring provides additional evidence for the proposed 
structure. The C-4 adduct is expected to have a 
smaller coupling constant.3’12

l-Amino-2-methyl-l,2-dihydrophthalazine (IV) re
sults from the amination of 2-methylphthalazinium ion. 
The chemical shift of the proton at the tetrahedral 
center (C-l) is nearly the same as those for H -l of the 
analogous isoquinoline compounds I and II (Table I).

5-Mcthyl-l,4,5-triazanaphthalinium ion also readily 
undergoes amination. Ammonia could add to several 
positions of this cation. Only one structure was de
tected by nmr over the temperature range — 43 to 
+  30°. A  structure may be designated by a consid
eration of the magnitude (10 Hz) of the coupling con
stant for the protons of the pyridine ring. The large 
value indicates that vinyl protons are present and the 
vinyl center is not bonded directly to nitrogen. Hence, 
addition takes place a  to the quaternized nitrogen atom 
to give V.

In the case of 1-methyl 3-substituted pyridinium 
ions, three different amination products are likely, in
volving addition to positions C-2, C-4, and C-6. Only 
one isomer was detected between — 50 and +30° 
( — 23 and +30° in the case of the nitro compound). 
This isomer appears to be the same for ions having a 
nitro, a methylsulfonyl, or an acetyl substituent, as 
evidenced by similar coupling constants. Structures 
V I-V III may be assigned. Amino adducts are 
formed by addition to C-6. The 10-Hz coupling con
stant rules out a C-4 adduct and the low-field position 
of H-2 eliminates a C-2 amination product. A t room 
temperature another reaction occurs. Methylamine 
and a 3-substituted pyridine are formed; the order of 
increasing reactivity is acetyl, methylsulfonyl, and 
nitro substrate. Some 3-acetylpyridine imine forms as 
well.

It is interesting that 1-methylpyridinium ion, the 
parent compound, does not react with neutral am
monia to give covalent amination product in amounts 
detectable by nmr. Clearly, the effect of the 3 sub
stituent is important. In the present cases, the elec
tron-withdrawing effects of the substituents destabilize 
the precursor pyridinium ions, but the groups sta
bilize the amino adducts, especially when there is sig
nificant conjugation between the annular nitrogen 
atom and the substituent.

An especially interesting result is obtained with 1- 
methylquinoxalinium ion. Diaddition product IX  is 
observed over the temperature range — 30 to +30°.

Evidence for this unusual structure is found in the high- 
field chemical shifts (r 5.93 and 6.04) of the two protons 
bonded to the heterocyclic ring. A  monoadduct, 
would, of course, show one of these protons at consid
erably lower field. Diaddition to the 1-methylquin- 
oxalinium ion is not unprecedented. Most recently, 
di- as well as monoadduct formation in water and 
methanol were demonstrated.3

Ammonia and not amide ion formed from the disso
ciation of ammonia must be the nucleophile. The 
amide ion concentration resulting from the ionization of 
pure ammonia is 10 _13-8 (pK  — 27.7 at 25°),16 but in 
the presence of 1 M  N H 4I this is reduced to 10~27-7. In 
the case of 2-methylisoquinolinium ion adduct forma
tion was complete in the presence or absence of NH 4I 
by the time the first spectrum was taken, about 30 min 
after mixing. If the heterccyclic cation had reacted 
with amide ion at a diffusion controlled rate, the half- 
life for the reaction involving N H 4I would be in excess 
of 1010 years.

Finally, a comparison of the extent of covalent 
amination and hydration reveals that for the cations 
considered here amination ir_ neutral ammonia is com
plete but hydration in neutral water2-3 is insignificant. 
This marked difference is readily understandable, how
ever. In the reactions under consideration a cationic 
heterocycle is changed to a polar covalent molecule 
while a solvated proton is formed. Now, moderately 
polar ammonia is a better solvent for polar covalent 
molecules than for ions but the reverse is true for highly 
polar water.16 17 Hence, the covalent adduct is stabilized 
in ammonia. Moreover, the solvated proton is consi
derably more stable in ammonia than in water.18 19

On the basis of our survey it seems that covalent 
amination of heteroaromatic compounds in ammonia 
is extensive.

Experimental Section

All compounds (perchlorate and/or iodide salts) were available 
from other studies. A Varian A-60A spectrometer equipped with 
a V-6040 variable temperature controller was employed. Quino- 
\ine-H-d was prepared by H -D  exchange using D 2OA9

General M ethod of Amination.— Ammonia was added to 
quaternized compound in an ordinary nmr tube cooled in an 
acetone-Dry Ice bath. Vapor was passed into the tube through 
a glass capillary until about 0.5 ml of solvent condensed. Then 
2 ml of trimethylamine (r 7.87) vapor was added through a needle 
inside the tube in a region cooled by the bath. In a few instances 
benzene (r 2.60) was employed as an internal standard. The 
tube, sealed with a torch, was alternately shaken and cooled so 
as to induce mixing without unduly warming the contents. The 
tube then was placed into the cooled (generally —50°) nmr probe. 
In some instances samples were not sufficiently soluble to give 
spectra at —50°; the most extreme case was 2-methylphthalazin- 
ium iodide which required about 0° to give a suitable spectrum. 
Substrate concentrations were 0.4 M . In some cases higher 
concentrations give rise to oil formation. Before spectra are 
recorded at ambient temperatures, it is wise to check the seal of 
the nmr tube to avoid damage to the spectrometer. A water 
bath heated 10-20° above that of the probe was used for this 
purpose.

(16) L. V . Coulter, J. R . Sinclair, A. G. Cole, and G. C. Roper, J. Amer. 
Chem. Soc., 81, 2986 (1959).

(17) J. J. Lagowski, Pure Appl. Chem., 25, 429 (1971).
(18) W . L. Jolly, J. Phys. Chem., 5 8 ; 250 (1954); P. Kebarle in "Io n s and 

Ion Pairs in Organic Reactions,”  M . Szwarc, Ed., Wiley-Interscience, New  
York, N . Y ., 1972, Chapter 2.

(19) J. A . Zoltewicz and C. L. Smith, J. Amer. Chem. Soc., 89, 3358 (1967); 
U . Bressel, A . R . Katritzky, and J. R . Lea, J. Chem. Soc. B, 4 (1971).
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Aromatic amines react readily with nitrosobenzene to 
afford azobenzenes,2 presumably through elimination of 
water from intermediate V-hydroxyhydrazines3 (1, 
R  = Ar). In view of this, we envisioned that the 
analogous reaction of nitrosobenzene with aliphatic 
amines might provide a convenient source of phenyl- 
azoalkanes (2, R  = alkyl).4 5 In fact, an early report is

ArNO +  RN H 2 — >- ArNNHR •— A rN = N R  
1 2

available which describes the formation of toluene-a- 
azobenzene (2, R  = benzyl) from nitrosobenzene and 
benzylamine in alcohol solvent.6 However, a subse
quent study of this reaction with a variety of benzyl- 
amines reported instead the production of aldehydes or 
ketones, azoxybenzene, and ammonia with no evidence 
for azo formation.6 The mechanism postulated for this 
reaction involved transfer of an oxygen from a molecule 
of nitrosobenzene to the benzyl carbon with concurrent 
loss of ammonia and generation of azoxybenzene.6

In order to shed light on the above discrepancies and 
hopefully to divert the reaction to give phenylazo- 
alkanes, the reaction was reinvestigated in a variety of 
solvents, including diethyl ether, benzene, and di
methyl sulfoxide (DM SO); the results are presented in 
Table I. In all cases the product profiles were nearly 
identical as determined by glpc and consisted of N - 
benzylbenzaldimine (3) and azoxybenzene, identified 
by nmr and mass spectral comparisons with authentic 
samples. In addition, structure 3 was confirmed by 
chemical methods (see Experimental Section). Rep

(1) National Science Foundation Undergraduate Research Participant, 
1971.

(2) (a) P. Ruggli and J. Rohner, Helv. Chim. Acta, 25, 1523 (1952); (b) W . 
Borsche and I. Exss, Ber., 56, 2353 (1923); see also (c) P. A . S. Smith, “ Open 
Chain Nitrogen Compounds,” Vol. XI, W . A . Benjamin, New York, N . Y ., 
1966, pp 319-321, and references cited therein.

(3) P. Y . Sollenberger and R . B. Martin in “ The Chemistry of the Amino 
Group,”  S. Patai, Ed., Interscience, New York, N . Y .,  1968, p 395.

(4) Phenylazoalkanes m ay be prepared by oxidation of the corresponding 
hydrazines; see, for example, A . J. Bellamy and R . D . Guthrie, J. Chem. 
Soc., 2788 (1965). The reaction of alkylzinc compounds with diazonium 
salts gives phenylazoalkanes, but the method is often unreliable; see D . Y .  
Curtin and J. A . Ursprung, J. Org. Chem., 21, 1221 (1956). See also ref 2c, 
p 219, for a review of preparative methods for azo compounds.

(5) P. Gallagher, Bull. Soc. Chim. Fr., 29, 683 (1921).
(6) (a) K . Suzuki and E. K . Weisburger, Tetrahedron Lett., 5409 (1966);

(b) J. Chem. Soc. C, 199 (1968).

etition of the exact experimental conditions employed 
by previous workers6 using a 2 :1  mole ratio of nitroso
benzene to benzylamine in refluxing benzene gave glpc- 
determined yields of 78% azoxybenzene and 76%  3 in 9 
hr (Table I). Conceivably, 3 may arise by condensa
tion of initially produced benzaldehyde rvith remaining 
benzylamine. However, in no case was benzaldehyde 
detected by glpc under conditions where its presence 
would have been evident.7 In addition, 3 reacts 
readily with 2,4-dinitrophenylhydrazine by an amine- 
imine exchange reaction to liberate benzylamine along 
with the corresponding 2,4-dinitrophenylhydrazone of 
benzaldehyde. This latter reaction would account for 
the identification of carbonyl compounds as primary 
products.6 As an alternative, the mechanistic sequence 
depicted in Scheme I is suggested in which initial attack 
of benzylamine on nitrosobenzene occurs to furnish the 
hydroxylhydrazine species 4. Elimination of phenyl- 
hydroxylamine (5), possibly via a Cope-type elimina
tion (as in 6),8 affords benzaldimine9 (7), which gives 
the observed imine 3 and ammonia upon exchange with 
benzylamine.13 The azoxybenzene most probably 
arises by the well-known condensation of phenylhy- 
droxylamine with nitrosobenzene.10

To provide evidence for the production and inter
mediacy of unsubstituted imines, the reaction of di- 
phenylmethylamine with nitrosobenzene was investi
gated in hopes of detecting the fairly stable imine 816 
before exchange with starting amine. Indeed, in 
benzene at 70°, 8 was observed to be produced con
comitantly with azoxybenzene. The imine 8 further 
reacted with benzylamine to afford iV-benzyldiphcnyl- 
methyleneiminc (9), which had been previously ob
served.6 The production of various products was moni
tored by glpc and plotted in Figure 1. Furthermore, 
benzophenone was observed to be unreactive toward

(7) Benzaldehyde reacts with benzylamine to give the observed product 
A-benzylbenzaldimine under the reaction conditions, but sufficient amounts 
of benzaldehyde remain to be detectable by glpc. In addition, the reaction 
of nitrosobenzene with benzylamine at room temperature was followed by 
nmr (220 M H z). Even under such mild conditions benzaldehyde was not 
detected, only benzylbenzaldimine.

(8) A . C. Cope and E. R. Trumball, “ Organic Reactions,”  Vol. X I , W iley, 
New Ycrk, N . Y .,  1960, p 361.

(9) Alternately, the breakdown of the first condensation intermediate 4 
could involve an electron transfer to nitrosobenzene to afford an amino 
nitroxide (i) and nitrosobenzene radical anion; the latter species couple

O-
ArNN H CH zAr ArNH*

i ii

readily to azoxybenzene (ref 10). The amino nitroxide i may fragment to 
furnish benzylamino radical ii [in analogy to the behavior of alkoxy nitroxides 
(ref 11)], which could disproportionate to benzylamine and benzaldimine (7) 
(ref 12). While nitrosobenzene has been documented as an electron acceptor 
(ref 13, 14), other experiments in our laboratory using such easily oxidized 
amines as W .W W 'W '-tetram ethyl-p-phenylenediam ine do not indicate this 
to be the general case in the presence of amines. In  addition, the reaction 
of phenylhydroxylamine and nitrosobenzene generates a small concentration 
of moncphenyl nitroxide as detected by esr. An examination of the reac
tion of nitrosobenzene with benzylamine demonstrated the same occurrence. 
The somewhat analogous reaction of benzyl alcohols with nitrosobenzene in 
the presence of base to yield benzaldehyde and azoxybenzene is also thought 
to proceed by an ionic mechanism; see J. Hutton and W . A . Waters, J. Chem. 
Soc.B , 191 (1968).

(10) G . A . Russell, E . J. Geels, F. T . Smentowski, K . Chang, J. Reynolds, 
and G . Kaup, J. Amer. Chem. Soc., 89, 3821 (1967).

(11) D . J. Cowley and L. H . Sutcliffe, J. Chem. Soc. B, 569 (1970).
(12) J. R . Roberts and K . U . Ingold, J. Amer. Chem. Soc., 93, 6686 (1971); 

M . A. Ratcliff, Jr., and J. K . Kochi, J. Org. Chem., 37, 3268, 3275 (1972).
(13) H . Schecter, S. Rowalay, and M . Tubis, J. Amer. Chem. Soc., 86. 

1701 (1934).
(14) F. T . Smentowski, ibid., 85, 3036 (1963).
(15) P. L. Pickard and T. L. Tolbert, J .  Org. Chem., 26, 4886 (1961).
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T a b l e  I

R e a c t i o n  o f  N i t r o s o b e n z e n e  w i t h  B e n z y l a m i n e s

Ratio
nitroso-

c

Benzylamine

benzene: 
benzyl
amine Solvent

Benzylamine 1.0 DMSO
2 . 0 Benzene
1.0 Benzene
1.0 Diethyl ether

p-Methoxy benzylamine 2 . 0 Benzene
Diphenylmethylamine 2 . 0 Benzene

Reaction <—  Products, %  yield“--------.
Temp, time, Imine Azoxybenzene

°c hr (isolated) (isolated)
25 48 77 (56)» 87 (44)
78 9 7& 78
25 72 75* 70
25 72 446 51
78 4.5 65° 82
70 0.5 56,d 3® 62

1.0 57,d 11« 73
1.5 6 8 ,'4 15« 80
2.7 52,d 34« 81
3.2 48,d 37« 78

19.5 35,d 57« 73
° Yields of products were determined by glpc using internal standards and detector response factors. b V-Benzylbenzaldimine. 

lV-(p-Methoxybenzyl)-p-methoxybenzaldimine. d Diphenylmethyleneimine. « V-Benzyldiphenylmethyleneimine.

S c h e m e  I

ArNO +  H2NCH2Ar

J

Ï+  I
ArNNH2CH2Ar ArN^ V CHAr 

4 I NH
H

6

ArNHOH +  A rC H =N H  — ► ArCH=NCH2Ar +  NH;i 
5 7 3

0
ArNO ,  . .  JT . TT ^— A r N= NA r  +  H20

Ar2C = N H  Ar2C=N C H Ar2
8 9

diphenylmethylamine in benzene, indicating that 9 
does not arise by this route. On the other hand, 816 
reacted smoothly with diphcnylamine to afford 9 and 
ammonia.

In conclusion, the primary products from the reaction 
of benzylamines with nitrosobenzene appear to be 
azoxybenzene and imines resulting from oxidation of 
the starting amines. This is followed by amine ex
change to give substituted imines.

Experimental Section

Melting points and boiling points are uncorrected. Gas- 
liquid chromatographic separations were accomplished using 
either a 6 ft X  0.125 in. 3%  OV-17 on 80/100 Chromosorb W 
(column A) or a 6 ft X  0.125 in. 10% OV-1 on 80/100 Chromo
sorb W column (column B). Nmr data were obtained on either a 
Varian A-60 or HR-220 instrument. Nitrosobenzene was sub
limed prior to use. Benzylamine, p-methoxybenzylamine, and 
diphenylmethylamine were commercial materials, distilled before 
use. Authentic samples of products were either obtained com
mercially or prepared by standard procedures.

Reaction of Nitrosobenzene with Benzylamine. General 
Procedure.— Benzylamine (214 mg, 2 mmol) and nitrosobenzene 
(214 mg, 2 mmol, or 428 mg, 4 mmol; see Table I) were dissolved 
in 5 ml of the appropriate solvent, bibenzyl (184 mg, 1 mmol) 
was added as an internal standard, and the solution was kept at 
the appropriate temperature for the intervals listed in Table I. 
Analysis of the reaction mixtures was accomplished using column 
A and predetermined detector response factors for the products. 
As a typical procedure, a preparative reaction in DMSO is given.

Figure 1.— Reaction of diphenylmethylamine with nitroso
benzene in benzene at 70°. The yields were determined by glpc 
(OV-1 column) using an internal standard and corrected for de
tector response.

Nitrosobenzene (2.0 g, 18.7 mmol) and benzylamine (2.0 g, 18.7 
mmol) in 50 ml of DMSO were kept at room temperature for 2 
days, during which time the color gradually changed from green 
to orange. The mixture was diluted with water and extracted 
with ether; the ether solution was dried (MgSO«) and concen
trated on a rotary evaporator. Distillation of the residue 
afforded an orange oil (1.5 g), bp 85-100° (0.07 mm), consisting 
of ca. 44% azoxybenzene and 56% V-benzylbenzaldimine. The 
products were separated by glpc (3%  OV-17 on 80/100 Chromo
sorb W ) and identified by nmr and mass spectral comparisons 
with authentic samples. Further characterization of 3 was ob
tained by degradation and preparation of benzylamine picrate, 
mp 201-202° (lit.16 mp 204-205°), and benzaldehyde phenyl- 
hydrazone, mp 156-157° (lit.8mp 156°).

Reaction of Diphenylmethylamine with Nitrosobenzene.— A 
solution of diphenylmethylamine (458 mg, 2.5 mmol), nitroso-

(16) M . Pesez and J. Bartos, Bull. Soc. Chim. Fr., 1122 (1963).
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benzene (536 mg, 5.0 mmol), and n-tridecane (460.9 mg, 2.5 
mmol, internal standard) in 5.5 ml of dry benzene was stirred 
under nitrogen at 70°. At appropriate intervals (Table I and 
Figure 1), the reaction solution was analyzed by glpc (column B) 
using predetermined detector response factors for the products 
which were identified by glpc retention times and, in the case of 8, 
by preparative glpc and comparison with an authentic sample 
(see below).

Preparation of Imine 8.—The procedure described by Pickard 
and Tolbert16 afforded 8 (66% ), bp 127-129° (1.75 mm) [lit.16 
bp 127° (3.5 mm)].

Reaction of 8 with Diphenylmethylamine. Preparation of 
Imine 9.— A solution of 8 (1.83 g, 0.01 mol) and diphenylmethyl
amine (1.81 g, 0.01 mol) in 20 ml of dry benzene was refluxed 
for 30 hr. Removal of solvent on a rotary evaporator and re
crystallization of the resulting white solid from ethanol gave 2.8 g 
(81% ) of 9 as white flakes, mp 149-150° (lit.6b mp 153). An 
attempted preparation of 9 by refluxing benzophenone and di
phenylmethylamine in benzene for 48 hr with azeotropic distilla
tion of any water formed resulted in recovery of starting materials 
with no evidence of 9 detected by glpc.

Registry No.—8 (Ar = Ph), 1013-88-3; 9 (Ar = 
Ph), 5350-59-4; nitrosobenzene, 586-96-9; benzyl- 
amine, 100-46-9; p-methoxybenzylamine, 2393-23-9; 
diphenylmethylamine, 91-00-9.
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Quaternary salts have been prepared for many of 
the phospholes synthesized since the recognition of the 
existence of this ring system in 1959. In every case,2 
the salts have been assigned monocyclic structures with 
alkylation at phosphorus, although spectral changes in 
solutions of the benzyl bromide salt of 1-methyl- 
phosphole were suggestive of dimerization.3 On the 
other hand, dimerization of phosphole 1-oxides can 
be quite rapid, and in some instances only the dimer 
can be isolated.2 This behavior is consistent with the
4-ir-electron system of the phosphole oxides and indeed 
might be expected for the phospholium salts as well. 
In characterizing some phospholes prepared in a 
recent study,4 * salts have been isolated which do indeed 
exhibit dimeric structure. They are described in this 
paper.

When monomeric structure is present in a salt, it is 
easily recognized from the simplicity of the proton nmr 
spectrum. Some examples are given in Table I. 
Furthermore, monomer character is also revealed by the

(1) Taken in part from the P h .D . Dissertations of S. G. B. (1972) and 
J. F. E . (1971). Supported by Public Health Service Research Grant C A - 
05507 from The National Cancer Institute. The Bruker nmr system was 
purchased in part with funds from the National Science Foundation (Grant 
No. 10301).

(2) The earlier work has been reviewed: A . N . Hughes and C. Srivanavit, 
J. Heterocycl. Chem., 7, 1 (1970). See also ref 7, and F. M athey and R. 
Mankowski-Favelier, Org. Magn. Resonance, 4, 171 (1972).

(3) L. D . Quin, J. G . Bryson, and C. G . Moreland, J. Amer. Chem. Soc., 
91, 3308 (1969).

(4) L, D . Quin, S. G. Borleske, and J. F. Engel, J. Org. Chem., 38, 1858
(1973).

presence of only one 31P nmr signal; for a D 20  solution 
of 3, for example, the signal appeared at —34.4 ppm.6

1, R =  CH3
2, R =  H

CH,

ch3'

c h 3

ì  I-

'CH„

The benzyl bromide salt (4) of 1-benzylphosphole, 
as well as the benzyl bromide salt (5) of l-(2-phenyl-

P(R)(CH2C6H5)

2Br~

P(R)(CH2C6H5)
4 , R=C H 2C6H6
5, R =  CH2CH2CeH5

ethyl)phosphole, had much more complex nmr spectra. 
They were incompatible with monomeric structure, but 
were suggestive of the molecular framework demon
strated6 for phosphole oxide dimers. In particular, 
the presence of signals attributable to protons on 
saturated ring carbons (3.2-4.1 ppm) and the com
plexity of the P-benzyl signal point in this direction. 
Dimer structure imposes different character on the 
benzyl groups of each phosphorus atom; in 4, all four 
benzyls are in structurally different environments, and 
in 5 stereoisomeric forms may be present. The P -  
benzyl absorption in both structures would then be a 
complex composite, rather than a doublet as observed in 
the monomer. The 31P nmr spectrum for one salt (4) 
provided confirmation of the dimeric structure; two 
signals were observed (— 51.6 and — 53.1 ppm in 
CDC13), indicating that two structurally different 
phosphorus atoms were present. Furthermore, the 
signals were present in equal intensity.

It is of significance that we have encountered dimeric 
salts only for phospholes without a C substituent;7
3,4-dimethylphospholium ions (1 and 3) remain mono
meric, probably through steric crowding encountered 
in the construction of the bicyclic structure. 3,4- 
Dimethyl substitution in phosphole oxides has been 
noted to reduce the east of dimerization in this family

(5) All 31P measurements in this study were performed under conditions 
of proton decoupling; this gives a sharp singlet and eliminates overlapping 
of two 81P signals of similar chemical shift, as seen in the phosphole dimers. 
Spectra were determined at 36.4 M H z on a Bruker H F X -1 0  spectrometer.

(6) Y . H . Chiu and W . Lipscomb, J. Amer. Chem. Soc., 91, 4150 (1969).
(7) Two phosphole salts with one C  substituent have been prepared that 

also appear to be dimeric from their 31P nmr spectra. The methiodide (6) 
of 1,3-dimethylphosphole had 1 :1  signals at — 55.3 and — 56.4 ppm (D 2O 
solution), and the methiodide of 1,2-dimethylphosphole had signals at 
— 58.4 and — 59.4 ppm (CF 3COO H  solution), also 1 :1  in intensity. The C  
substituent introduces the possibility of positional isomerism in the dimers 
(e.g., 6a and 6b for 6) and the exact structures of these salts remains unknown 
at this time.
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P r o t o n  N m r  S p e c t r a “ o b  S a l t s  o b  P h o s p h o r e s  

,-----------P C H r---------- , . -------------PCHsCjH»------------- , ,----------------- C = C H -

Table I

Salt Solvent 8
V ph ,

Hz ô
VPH,

Hz s
V  PH, 

Hz
CsCH,

5
CCHa,

S

A. Monomers
1 CFsCOOH* 3.99 15.4 6.43 32.4 2.00
2 CDC138 4.94 16.8 6.2-7.84* 1.85
3 CDCU6 a .05 15

B. Dimers

7.53 33 2.81»

4 CDCl,3 5 .3 -5 .7 5.9-6 .3, 
7 .1 -7 .2 /

3 .8 -4 .1

5 CD CV 4 .5 -4 .8 5 .7 2 -7 .60d 3 .2 -3 .4»
“ Taken with a Varían A-60 spectrometer. b External TMS as standard. * Internal TMS as standard. á Overlapped by C6H 6 

signals. 8 / p h . = 3 Hz. /  Complex multiplet. « Overlapped by phenethyl CH2 signals.

as well.8 The nature of the P  substituents may also 
play a role in preventing dimerization of phospholium 
ions; thus, the P,P-dimethyl derivative of the 3- 
methylphospholium ion appears to be dimeric7 while 
the P,P-dibenzyl derivative (2) remains monomeric. 
It would seem to be necessary to consider carefully the 
structure assigned to a new phosphole salt in view of 
these results.

The two 81P signals of the dimers are due to the 
presence of 3-phospholenium and 2-phospholenium 
moieties. In the dimers examined, the signals are 
separated by only 1-1.5 ppm. Normally, isomeric
3-phospholenium and 2-phospholenium ions have a 
greater spread in their 31P shifts (e.g., for the 1,1,3- 
trimethyl ions, —47.1 and — 54.5 ppm, respectively). 
However, in the dimeric salts, the 3-phospholenium 
and 2-phospholenium. moieties have differences in the 
substitution at saturated carbons. Thus, as seen in 
structures 4 and 5, the 3-phospholenium moiety has 
carbon substituents at the two a  positions, whereas the
2-phospholeniun moiety is substituted at one a  and 
one /3 position. An analysis of substitution effects on 
31P shifts in several families of acyclic phosphorus com
pounds has shown the shifts to be dependent on the 
number of carbons in positions ¡3 and y  to the phos
phorus atom.9 As in I3C nmr spectra, deshielding is 
associated with 8  carbons and shielding (a relatively 
weaker effect) with y  carbons. The leveling of the 31P 
shifts for the two components of the phospholium ion 
dimers is a result of the different substitution patterns 
in the components. In particular, phosphorus in the 
2-phospholenium moiety is deshielded by only one 
id carbon, and in the 3-phospholenium by two.

Experimental Section10

1.1.3- Trimethyl-2-phospholenium Iodide.— To 0.4 g of 1,3- 
dimethyl-2-phospholene11 in pentane was added 1 g of methyl 
iodide. The salt that had precipitated after 1 day at room tem
perature was recrystallized from a mixture of 2-propanol and 
ether, mp 135-137°, 5«P (CDC13) —54.5 ppm.

Anal. Calcd for C ,H ,JP : C, 32.83; H, 5.51; P, 12.09. 
FwwA. C , 32.7T, R , 5.52-, P , 12.23.

1.1.3- Trimethyl-3-phospholenium Iodide.— This salt was pre

(8) F. B. Clarke, III, and F. H . Westheimer, J. Amer. Chem. Soc., 93, 
4541 (1971).

(9) L. D . Quin and J. J. Breen, Org. Magn. Resonance, in press.
(10) All phosphole salts were available from another study.4 Proton 

nmr spectra are recorded in Table I, and phosphorus spectra for 3 and 4 are 
in the text.

(11) D . K . Myers and L. D . Quin, J. Org. Chem., 36, 1285 (1971).

pared similarly from l,3-dimethyl-3-phospholene;12 it had mp 
133-135° and 5*.P (CDC13) -4 7 .1  ppm.

Anal. Caled for C7H „IP : C, 32.83; H, 5.51; P, 12.09. 
Found: C, 32.73; H, 5.45; P, 12.08.

Registry N o.— 1, 38864-31-2 ; 2, 38857-58-8; 3, 
37737-13-6; 4, 38863-80-8; 5, 38863-82-0; 1,1,3-tri- 
methyl-2-phospholenium iodide, 38857-60-2; 1,1,3-tri- 
methyl-3-phospholenium iodide, 38857-61-3.

(12) L. D . Quin and D . A . Mathewes, ibid., 29, 836 (1964).

lii-Im id a z o tl ,2-«]i m id azoles.
II. T h e C hem istry  o f

l,6 -D im eth y l-lfl-im id azo [l,2 -a]im id azo le

L a ir d  F .  M i l l e r *  a n d  R o n a l d  E. B a m b u r y  

Merrell-National Laboratories,
Division of Richardson-Merrell, Inc.,1 Cincinnati, Ohio 1+5215 

Received December 1+, 1972

In a previous paper2 we described the preparation of 
a series of 177-imidazo [ 1,2-a ¡imidazoles which were in
tended as anthelmintic agents. As part of this project, 
the chemistry of one member of the series, 1,6-dimethyl- 
l#-imidazo[l,2-a]imidazole (1), was investigated. A t

CH3

1 imidazo[2,l-i>]thiazole

the time the synthetic work was carried out no un
saturated imidazo[l,2-a]imiaazoles were reported in 
the literature; however, the reactions of the closely 
related imidazo [2,1-6 Jthiazole ring system had been 
studied. The investigations of Paolini8 and P y l4 had 
revealed that in this ring system the 5 position was 
the most susceptible to electrophilic attack. I t  was, 
therefore, not unexpected to find similar results for 
the reactions of 1.

(1) The chemical portion of this work was carried out at the Hess and 
Clark Division of Richardson-Merrell Inc., Ashland, Ohio, now a division of 
Rhodia, Inc.

(2) L. F. Miller and R . E . Bambury, J . M ed . Chem., 15, 415 (1972).
(3) J. P. Paolini and L. J. Lendvay, J . Med. Chem., 12, 1031 (1969).
(4) T . Pyl, R . Giebelmann, and H. Beyer, Justus Liebigs Ann. Chem., 643, 

145 (1961).
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T a b l e  I
N m r  S p e c t r a l  D a t a  (S)

CH3
Compd X Y Solvent 1 CHj 6 CH< 2 and/or 3 H“

1 H H CDC13 3.57 2.32 6.78 (m), 6.55 (d) ( /  =  2 Hz)
2b Br H DMSO-de 3.89 2.35 7.74 (s, 2)
3 C s H i o N H CDCls 3.40 2.28 6.83 (d), 6.52 (d) ( /  =  2 Hz)
4 CHO H CDCls 3.77 2.58 7.55 (d), 6.85 (d) (J =  2 Hz)
5 NOü H DMSO-A 3.73 2.60 7.65 (d), 7.42 (d) ( /  =  2 Hz)
6 NHAc H CDCls 3.54 2.18 6.69 (d), 6.55 (d) (./ =  2 Hz)
7 NAc2 H CDCls 3.67 2.18 6.73 (s, 1)
8 n o 2 N O i DMSO-de 3.85 2.60 8.85 (s, 1)

° Other significant nmr peaks : 1, 5 H, 5 6.78; 2 (as HBr salt), S 5.5 (brs, exch); 3, S 2.98 (m, 4), 1.58 (m, 6); 4, S 9.68 (s, 1); 6,Violici DJglIIUCZUlO 1X1IH jJCiUVO . A, KJ XX f W VJ. i CJ, Î4
S 2.25 (s, 3), 9.25 (br s); 7, 2.32 (s, 6). b HBr sait.

Treatment of 1 in chloroform with bromine gave
5-bromo-l,6-dimethyl-lH-imidazo[l,2-a]imidazole hy
drobromide monohydrate (2). In most instances sub
stitution at the 5 position was readily confirmed 
by the nmr spectrum which showed the 2,3 protons 
appearing as two doublets (Table I). However, in 
the case of 2 the 2,3-proton signal appeared as an 
apparent singlet, and it was not immediately clear 
where the substitution had occurred. Reaction of 
2 with piperidine afforded the piperidino derivative
(3). The nmr spectrum of this compound showed the 
expected pair of doublets, confirming the 5-position 
substitution of both 2 and 3. Compound 2 was 
found to be unstable as the free base. Attempts to 
dibrominate 1 were unsuccessful giving only resinous 
material. Formylation of 1 under Yilsmeier conditions 
yielded the 5-formyl compound (4).

Nitrations of 1 were tried by a variety of standard 
methods which in most instances gave no isolable 
product, the ring system being quite sensitive to nitric 
acid. However, by dissolving 1 in cold concentrated 
H2SO4 and carefully adding ca. 1 equiv of nitric acid 
a small quantity of a mononitrated product, 1 ,6- 
dimethyl-5-nitro-lff-imidazo[l,2-a]imidazole (5), was 
obtained. These results led us to investigate several 
organic and inorganic nitrates as nitronium ion sources. 
The best yield of 5 (66% ) was obtained by chilling 1 
in sulfuric acid and carefully adding an equivalent 
amount of ethyl nitrate. Reduction of 5 in the 
presence of acetic anhydride gave a mixture of two 
products: 5-acetamido-l,6-dimethyl-lH-imidazo[l,2-a]- 
imidazole (6), whose structure was determined by its 
nmr spectrum, and 5-diacetylamino-l,6-dimethyl- 
lH-imidazo[l,2-a]imidazole (7).

B y carefully treating 1 with 2 equiv of ethyl nitrate, 
a dinitrated product (8) was obtained. Since 8 could 
also be obtained by nitration of 5, one of the -N 0 2 
groups was known to be in the 5 position; however, 
the location of the other group was not readily dis
cernible. Attempts were made to determine the struc
ture spectrally, by comparing the nmr spectrum of 8 
with spectra of 1-methylnitroimidazoles of known 
structure, and by attempted measurement of a pos
sible nuclear Overhauser effect (NOE). All such at
tempts were without success.

Reduction of 8 in the presence of acetic anhydride 
gave a complex mixture of products. In light of the

isolation of 6 and 7 from the reduction of 5, the mixture 
was probably composed of various mono- and diacety- 
lated diamines; however, no effort was made to identify 
the components. The complexity of the mixture also 
precluded the use of the components as intermediates 
for structure identification.

In order to obtain at least an indication of the prob
able location of the second -N 0 2 group in 8 a series of 
Hiickel molecular orbital (HMO) calculations was 
made. The method of computation and parameters 
are discussed in the Experimental Section. Since 
the nitrations were electrophilic attacks carried out in 
strongly acidic media, the HMO derived quantities 
chosen for comparison were the electrophilic super- 
delocalizability (SE) and the effective charge. Calcula
tions were first made on 1 and indicated the 5 position 
as the favored site for electrophilic substitution, in 
agreement with the experimental results. Similar 
calculations were carried out on 5. The SB values 
calculated for the 2 and 3 positions of 5 (triprotonated 
model) were 1.175 and 1.234, respectively, indicating 
the 3 position as the favored site for electrophilic 
substitution.8 We therefore feel that the most likely 
structure for 8 is l,6-dimethyl-3,5-dinitro-lH-imidazo- 
[l,2-a)imidazole.

CH3
8

Experimental Section

Melting points were taken in open capillary tubes with a 
calibrated thermometer using a Thomas-Hoover melting point 
apparatus. Elemental analyses were performed by Spang 
Microanalytical Laboratory, Ann Arbor, Mich. The nmr spectra 
were recorded on a Varian A-60 spectrometer by the Analytical De
partment of Merrell-National Laboratories. The NOE measure
ment was attempted on a Bruker HFX-90 spectrometer at the 
University of Cincinnati. HMO calculations were performed on 
an IBM  S360/40 computer by the Biomedical Engineering 5

(5) A  table of the calculated and effective charge values will appear fol
lowing these pages in the microfilm edition of this volume of the journal. 
Single copies m ay be obtained from the Business Operations Office, Books and 
Journals Division, American Chemical Society, 1155 Sixteenth St., N .W ., 
Washington, D . C. 20036, by referring to code number JOC-73-1-955. 
Rem it check or money order for $3.00 for photocopy or $2.00 for microfiche.
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Department of Merrell-National Laboratories. The program 
used was previously described by Allen, et al.6 Parameters chosen 
were those suggested by Streitwieser.7

5-Bromo-1,6-dimethyl-1H-imidazo [1,2-a] imidazole Hydrobro
mide Monohydrate (2).— A solution of Br2 (1.2 g, 0.0074 mol) 
in CHC13 (5 ml) was slowly added to 1 (1 g, 0.0074 mol) in CHC13 
(15 ml) maintained at 5°. The solution was stirred for 5 min and 
evaporated and the crude solid crystallized from M eN 02 to give 
2 (1.5 g), nip 132-133° dec. Anal. Calcd for C7H „Br2N30 :  C, 
26.86; H, 3.54; N , 13.42. Found-. C, 27.07; H , 3.36; N,
13.64.

Reaction of 2 with Piperidine.— A mixture of 2 (3.1 g, 0.01 mol) 
and piperidine (2.5 g, 0.03 mol) in CeHe (50 ml) was refluxed for
4 hr and cooled. The solution was extracted with H20  (dis
carded), and the organic phase was dried (MgSCL) and evapo
rated. The residue (1.6 g) was not readily purified either as the 
free base or as a salt; however, the nmr spectrum of the crude 
material confirmed the structure as l,6-dimethyl-5-piperidino-
177-imidazo[l,2-o]imidazole (3).

1.6- Dimethyl-5-formyl-lH-imidazo[l,2-a]imidazole (4).— 1 (50 
g, 0.37 mol) in D M F (100 ml) was slowly added to a formylation 
complex prepared as described by James, et al.,* from D M F (250 
ml) and POCI3 (80 g, 0.52 mol). The solution was stirred 1 hr 
at 25°, chilled for 16 hr, and then treated with H20  (300 ml) and 
sufficient N aH C03 to bring the pH to 8. The solution was 
heated to reflux, cooled, and extracted with CHCb. The 
organic phase was extracted with 10% HC1 which was then basi- 
fied with 10%  NaOH and extracted with CHCI3. The CHCI3 
was evaporated to give a crude solid (50 g) which was crystallized 
from petroleum ether (bp 90-100°) yielding 4 (29 g), mp 130- 
135° (oxime mp 280° dec). Anal. Calcd for C8H!,N30 : C.58.88; 
H, 5.56; N, 25.75. Found: C, 58.82; H, 5.54; N, 25.79.

1.6- Dimethyl-5-nitro-lff-imidazo[l,2-a]imidazole (5).— To con
centrated H2SO< (5 ml) chilled to —10° was slowly added 1 (1.3 
g, 0.01 mol). The temperature was lowered to —20° and ethyl 
nitrate (0.9 g, 0.01 mol) was added dropwise. After stirring
5-10 min, the acid solution was poured on crushed ice and the 
pH adjusted to 4-5 with aqueous NaOH. The aqueous phase 
was extracted with CHC13 which was evaporated to give crude
5 ( 1.2 g). Crystallization from CtH6 gave pure 5, mp 181-184°. 
Anal. Calcd for C,H8N ,02: C, 46.66; H, 4.47; N, 31.10. 
Found: C, 46.81; Id, 4.44; N, 31.19.

Reduction of 5 in Acetic Anhydride Solution.— A solution of 5 
(4 g, 0.02 mol) in Ac20  (50 ml) was reduced under 1.5 atm of 
H2 pressure for 16 hr in the presence of Raney nickel catalyst.9 
The catalyst was filtered off, the Ac20  was evaporated, and the 
residue was taken up in CHCI3. After stirring vigorously for 
several hours with aqueous N aH C03, the CHC13 was separated 
and evaporated to an oil (3.8 g) which crystallized on standing. 
A tic showed two components, one predominant. By careful 
crystallization from EtOAc a small amount of the minor con
stituent was obtained, mp 133-137°. It was unsuitable for 
elemental analysis, but was shown by its nmr spectrum to be 
principally 5-acetamido-l ,6-dimethyl-liT-imidazo [ 1 ,2-a] imidaz
ole (6). The mother liquors were evaporated and carefully 
treated with ¿-PrOH-Et20  to give a white solid, mp 124-127°, 
which was shown by its elemental analysis and nmr spectrum to 
be 5-diacetylamino-l,6-dimethyl-lH-imidazo[ 1,2-aJimidazole (7). 
Anal. Calcd for CnHnN40 2: C, 56.40; H, 6.02; N, 23.91. 
Found: C, 56.02; H, 6.10; N , 24.09.

l ,6-Dimethyl-2(or 3),5-dinitro-l/7-imidazo[1 ,2-a]imidazole (8). 
-—In a manner similar to the preparation of 5, 1 (16.2 g, 0.12 
mol) in H2SO< (150 ml) was treated with 1 equiv of ethyl nitrate 
(10.9 g, 0.12 mol) at —20°. After addition was complete the 
temperature was adjusted to —15° and a second equivalent of 
ethyl nitrate was added. The acid solution was stirred at —5° 
for 20 min and poured on crushed ice. The resulting solution was 
extracted with CHC13 which on evaporation gave crude 8. Re
crystallization from H20  gave pure 8 (3.2 g), mp 190-192°. 
Anal. Calcd for C1H1N3Ot: C, 37.34; H, 3.14; N , 31.11. 
Found: C, 37.41; FI, 3.10; N, 31.24.

(6) R. C. Allen, G. L. Carlson, and C. J. Cavallito, J. Med. Chem., 13, 909 
(1970).

(7) A. Streitwieser, “ Molecular Orbital Theory for Organic Chemists,” 
Wiley, New York, N . Y ., 1961.

(8) P. N. James and H. R. Snyder in "Organic Synthesis,”  Collect. Vol. 
IV , Norman Rabjohn, Ed., Wiley, New York, N . Y ., 1963, pp 539-541 .

(9) Raney nickel was obtained from Pfaltz and Bauer, Inc,, New York,
N . Y .

Registry N o.—1, 38739-75-2; 2, 38739-94-5; 3, 
38739-95-6 ; 4, 38739-96-7; 5, 38739-97-8; 6, 38739-
98-9; 7, 38739-99-0; 8, 38740-00-0; piperidine, 110-
89-4.
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The degree of importance of steric factors in the for
mation of organic free radicals has not received full 
elucidation. Part of this is due to the complexity of 
the situation and the need to assess both intramolec
ular and intermolccular effects. The former can 
qualitatively be considered in terms of I strain as 
originally proposed by Brown.1 Overberger, in de
scribing the extension of this generalized approach to 
radical-forming reactions, has equated changes in ac
tivation energy with strain changes in cyclic systems.2 
Intermolccular interactions between attacking radicals 
and substrates can also greatly influence the course 
and extent of reaction. Such bulky species as the 
dialkylamino radical cation3 and the trichloromethyl 
radical4 show unexpectedly increased selectivity in 
hydrogen-abstraction processes because of this form of 
steric control.

The relation of internal strain to radical formation 
has been studied by several groups of workers. Rela
tive rates of hydrogen atom abstraction from cyclo
alkanes in both the liquid and vapor phases have been 
obtained using chlorine atom,6 bromine atom,6 methyl 
radical,7 trichloromethyl radical,8 and trichloromethyl- 
sulfonyl radical,6 among others. It was noted that 
ring size did, indeed, affect the relative rates of reac
tion. With few exceptions the order of reactivity was 
cyclobutane <<C cyclopentane <  cyclohexane <  cyclo
heptane < cyclooctane. This order clearly shows that 
the ground-state strain of the cycloalkane cannot be 
the cause of the effect.

(X) (a) H. C. Brown and M . Gerstsin, J. Amer. Chem. Soc., 72, 2926 
(1950); (b) H . C. Brown and R. B. Johannessen, ibid., 73, 212 (1951).

(2) C. G. Overberger, H . Biletch, A . B . Finestone, J. Lilker, and J. Her
bert, ibid., 76, 2078 (1953).

(3) R . Bernardi, R . Galli, and F. Minischi, J. Chem. Soc. B, 324 (1968).
(4) (a) G. J. Gleicher, J. Org. Chem., 33, 332 (1968); (b) W . D . Totherow 

and G. J. Gleicher, J. Amer. Chem. Soc., 91, 7150 (1969).
(5) G. A . Russell, ibid., 80, 4997 (1958).
(6) K . C. Ferguson and E. Whittle, Trans. Faraday Soc., 67, 2618 (1971).
(7) W . A . Pryor, D . L. Fuller, and J. P. Stanley, J. Amer. Chem. Soc., 94, 

1632 (1972).
(8) (a) E . S. Huyser, E . Schimcke, and R. L. Burham, J. Org. Chem., 28, 

2141 (1963); (b) F. B. Wampler and R . K . Kuntz, Int. J. Chem. Kinet., 3, 
283 (1971).



1958 J. Org. Chem., Vol. 38, No. 10, 1973 N o t es

Figure 1.»—Correlations of relative reactivities with calculated 
strain energy changes.

Prior success has been obtained in correlating the 
reactivity of polycyclic systems with calculated changes 
in strain energy for both carbonium ion9 and radical10 
reactions. In hope of extending this approach to the 
study of the effect of ring size on the ease of hydrogen 
atom abstraction, a series of benzocycloalkcnes was 
treated with the trichloromethyl radical generated 
photolytically from bromotrichloromethane at 70°. 
The trichloromethyl radical was chosen both for its 
high selectivity and the convenience of operating in a 
homogeneous medium. The benzannelated cyclo
alkanes were chosen over their monocyclic counter
parts for the following reasons. The annélation of 
the benzene ring imparts a high degree of rigidity to the 
hydrocarbon. The effective number of conformers is 
thereby greatly reduced, thus simplifying all calcula
tions. The presence of the aromatic ring will also 
cause reaction to take place exclusively in the benzylic 
position. Table I shows the relative reactivities of

T a b l e  I

R e l a t i v e  R e a c t i v i t i e s  o f  S o m e  B e n z o c y c l o a l k e n e s  t o w a r d  
t h e  T r ic h l o r o m e t h y l  R a d i c a l  a t  70°“

Regiatry Relative

Aver
age

devia

Num
ber
of

no. System rate tion runs

4026-23-7 Benzocyclobutene 0.076 0.004 5
95-13-6 Benzocyclopentene 1.39 0.08 5
91-20-3 Benzocyclohexene 1.41 0.08 7

264-06-2 Benzocycloheptene 0.42 0.03 5
135-01-3 o-Diethylbenzene 0.84 0.06 9

° All results given relative to fluorene.

this series of benzocycloalkenes and the electronically 
equivalent o-diethylbenzene. These rates were ob
tained relative to hydrogen abstraction from fluorene 
using nmr spectroscopy as the analytical device. It 
had been originally planned to utilize glc in this ca
pacity; however, the facile dehydrobromination of 
many of the benzylic halides on the column precluded 
this approach. The decrease in the nmr signal for 
benzylic protons was taken as defining the extent of 
reaction for both the benzocycloalkene and fluorene. 
These signals are easily separable, being located in 
distinct areas of the spectrum. All areas were found

(9) G. J. Gleicher and P. v. R . Schleyer, J. Amer. Chem. Soc., 89, 582 
(1967).

(10) V. R. Koch and G. J. Gleicher, ibid., 93, 1657 (1971).

relative to that of the aliphatic protons in tert-butyl- 
benzene. This last compound is suitable as an internal 
standard owing to its unreactivity under the present 
conditions.11

The strain energies for all species were determined 
using standard techniques and parameters.9'10’12 Cer
tain assumptions were of necessity made for the strain 
associated with the transition states. These struc
tures were assumed to strongly resemble the interme
diate radicals.13 Although cyclic radicals may assume 
pyramidal structure to relieve potential angle 
strain,14-16 it was felt that in the product systems 
planarity would be maintained in order to maximize 
the favorable resonance interaction. In Table II are

T a b l e  II

C a l c u l a t e d  S t r a i n  E n e r g i e s '1

Ground
System state Radical Difference

Benzocyclobutene 116.547 128.637 12.110
Benzocyclopentene 24.797 24.328 -  0.469
Benzocyclohexene 17.238 14.195 -3 .0 4 3
Benzocycloheptene 21.941 27.037 5.096
o-Diethylbenzene 22.627 21.341 -1 .2 8 6
“ All results in kcal/mol.

shown the calculated strain energy differences for the 
present systems. While absolute strain energies, 
particularly for the cyclobutanc derivatives, are strongly 
exaggerated, the energy differences appear reasonable.

The changes in strain energy may be caused by 
several factors. In the case of benzocyclobutenc the 
large, unfavorable change in angle strain is the prin
cipal factor. This is true to a much lesser extent in 
benzocyclopentene and is offset by favorable changes in 
torsional and nonbonded interactions. In benzo- 
cyclohexene a favorable change in angle strain is 
calculated, while in benzocyclohcptenc changes in 
angle and torsional strain are both unfavorable. Ef
fects in o-diethylbenzenc are nearly equivalent in both 
ground state and radical.

Figure 1 shows a graph of the logarithms of the rela
tive rates plotted against the calculated strain energy 
changes. Good linearity is obtained. A slope of 
—0.082 is found with a correlation coefficient of 
— 0.974. This slope is appreciably smaller than the 
corresponding values of —0.327 and —0.537 found 
for formation of aliphatic tertiary and secondary 
radicals.10 The present small dependence upon strain 
factors is not, however, surprising in view of the high 
stability and concomitant ease of formation of benzylic 
radicals. It is also of interest that o-diethylbenzene 
falls far below the correlation. It is felt that this is 
due to an inter molecular effect in which one of the 
ethyl groups may hinder the approach of the large tri
chloromethyl radical to the benzylic position of the 
second group. This is much less likely to occur in the 
more rigid benzocycloalkenes.

(11) E . S. Huyser, ibid., 83, 391 (1960).
(12) G . J. Gleicher, Tetrahedron, 23, 4257 (1967).
(13) G. s. Hammond, J. Amer. Chem. Soc., 77, 334 (1955).
(14) J. Jacobus and D . Pensak, J. Chem. Soc. D , 400 (1969).
(15) M . J. S. Dewar and J. M . Harris, J. Amer. Chem. Soc., 91, 3652 

(1969).
(16) P. Bakuzes, J. K . Kochi, and P. J. Krusic, ibid., 92, 1434 (1970).
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Experimental Section
Materials.— Bromotrichloromethane, benzocyclohexene, ben- 

zocyclopentene, and teri-butylbenzene were obtained from com
mercial sources. Benzocyclobutene was kindly donated by Pro
fessor Phillip Radlick. Benzocycloheptene was prepared from 
the Wolff-Kishner reduction of 1-benzosuberone. All materials 
were purified before use. Purities greater than 99% were deter
mined by glc.

Product Studies.— A mixture of 4.232 g (32.186 mmol) of 
beMoeyciohexerve and 36.60 g (1&4.64 mmol) of bromotrichloro
methane were treated under nitrogen for 18 hr at 70° with ir
radiation by our standard source. After reaction and removal 
of excess bromotrichloromethane, the reaction mixture was an
alyzed by gas-liquid chromatography on a 5%  SE-30 column. 
It was shown that about 40% of the tetralin had reacted and one 
product with a slightly longer retention time than tetralin was 
formed. The compounds were collected as they eluted from the 
glc column. An nmr spectrum identified the product as 1,2- 
dihydronaphthalene. This was formed by probable dehydro- 
halogenation of the initially formed bromide. The unreacted 
starting material amounted to 19.311 mmol (2.51 g) and the 
product to 1.49 g (11.620 mmol). The material balance thus 
found is 96.1%. Although no attempt was made to isolate the 
initial bromide, its presence could be readily detected in the re
action mixture by nmr spectroscopy, bio elimination product 
could be detected in the reaction mixture before passage through 
the SE-30 column.

Kinetic Studies.— Solutions of fluorene, a cycloalkene, bromo
trichloromethane, and i«rf-butylbenzene were prepared in the

approximate molar ratio of 2 :4 :23 :1 . Approximately 0.75 ml 
of the solution was placed in each of the several ampoules. The 
ampoules were cooled to Dry Ice-isopropyl alcohol temperature 
until the solutions solidified. The ampoules were evacuated at 
0.5-1.0 mm and flushed with nitrogen several times with three 
intermediate thawings. The ampoules were sealed under vacuum 
and one was reserved for the analysis of the unreacted starting 
materials. The remainder were placed horizontally just below 
the surface of a mineral oil constant-temperature bath main
tained at 70.0 ±  0.5°. The solution was irradiated with ultra
violet light provided by a Sylvama 275-W sun lamp placed 20 
cm above the surface of the oil. Reaction times varied from 20 
to 40 hr, by which time 30-70%  of the total hydrocarbons had 
reacted. The ampoules were then cooled and opened. Anal
ysis of the mixtures, both before and after the reaction, was 
carried out via nmr spectroscopy. All determinations were run in 
replicate.

Registry No. — Trichloromethyl radical, 3170-80-7.
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T h erm al R eo rgan izatio n  o f  S elect 

Azabieyclo[m .n.O] n on atrien es. G en eratio n  

o f a c is ,c is ,tra n s ,c is -A zo T iin e

Summary: Mild thermal exploration of the C8H8NAc 
energy surface resulted in the discovery of a variety of 
mechanistically revealing transformations and the de
tection of a cis,cis,trans,cis-azonine.

Sir: Recently, we described the thermal behavior of 
various JV-methoxycarbonylazabicyclo [m.n.Q Jnonatri- 
enes.1 We now report on the thermolysis of the 
acetamide analogs in terms of (i) product distribution 
and (ii) cycloadditive trapping.

When warmed to 56° in deaerated (N2) benzene, 2a2 
produces a two-component equilibrium consisting (nmr) 
of ~ 9 5 %  2a and 5%  la  (Scheme I). In turn, when ex
posed to a higher temperature (76°) this pair undergoes 
rapid (ii/, ^80 min) and irreversible thermolysis to 3a 
and 4a in the ratio of 1.2:1, respectively (nmr). The 
thermolysate was separated into its individual com
ponents by chromatography at — 15° and 3a was char
acterized on direct comparison (nmr, ir) with an au
thentic sample3 while 4a was formulated on the basis of 
its spectra: rco* 1675 cm-1 ; m/e 161 (P+, 13% );

(1) A . G. Anastassiou, R . L . Elliott, and A. Lichtenfeld, Tetrahedron 
Lett., 4569 (1972).

(2) A . G. Anastassiou, S. W . Eachus, R . L . Elliott, and E. Yakali, J . Chem, 
Soc., Chem. Commun., 531 (1972).

(3) A. G. Anastassiou, S. W . Eachus, R . P. Cellura and J. H . Gebrian, 
Chem. Commun., 1133 (1970).

SCHEME I

R
6

a, R =  Ac
b, R =  COOEt

X™» 282 nm (e 4300), 214 (6000); nmr (100 MHz, 
benzene-d6, ~60°) r  3.92 (1 H, dd, J =  2.6, 1.0 Hz, H8 
or H 9), 4.02 (1 H, d, J  = 8.5 Hz, H3), 4.1 (1 H, br d, 
J  ~  5 Hz, H,), 4.30 (1 H, dd, J  = 11.5, 6.0 Hz, H6), 
4.48 (1 H, dd, J  = 2.6, 0.7 Hz, H8 or H«), 4.51 (1 H, dd, 
J  = 11.5, 5.7 Hz, H5), 4.89 (1 H, dd, J  = 8.5, 5.7 Hz, 
H4), 6.58 (1 H, dd, J  = 6.0, 4.8 Hz, H7), 8.28 (3 H, s, 
methyl).4 While isomers 3a and 4a do not intercon-

(4) Spectral analysis required extensive decoupling procedures.



1960 J. Org. Chem., Vol. 38, No. 10, 1973 C o m m u n i c a t i o n s

vert under the reaction conditions they do differ in their 
sensitivity to more demanding thermal treatment. 
Thus, whereas 3a remains unaffected on brief (~ 9  min) 
passage through a vpc column at 150°, 4a readily 
thermolyzes at 110° to yield a mixture consisting (nmr) 
of .~35%  3a and 65% 5a.6 Compounds 3a (nmr) and 
5a [r£e<f 1665 c m -1; m/e 161 (P+, 34%); x£ S 14 228 nm 
( t 12,500), 345 (9500);6 nmr (100 M Hz, benzene-de, 
10°) r 3.96 (1 H, d, J  =  4 Hz), 3.9-4.1 (1 H, m), 4.3-
4.6 (2 H, m), 4.67 (1 H, d, J  = 4.0 Hz), 5.54 (1 H, dd, 
J  = 20.5 Hz, 8.5 Hz, H a), 6.51 (1 H, qd, J  = 17.0, 8.5,
6.0 Hz, Hb), 7.93 (1 H, dd, J  = 20.5, 17.0 Hz, H„), 8.49 
(3 H, s, methyl)] were obtained pure on chromatog
raphy of the thermolysate at about — 15°. The pres
ence of a [4.3.0] skeleton in 5a was securely established 
on catalytic hydrogenation (Rh/C) of this substance to 
iV-acetyl-cfs-8,9-octahydroindole (ir) A 8

Analysis of Scheme I by the method of orbital sym
metry establishes the cis-fused dihydroindole (3a) as 
the sole “ disallowed” valence tautomer.

To search for intermediates in Scheme I, 2a was ex
posed to an equimolar quantity of 2,5-dimethyl-3,4-di- 
phenyl-cyclopenta-2,4-dienone (8)11 in boiling benzene 
for 24 hr. The product mixture consisted almost ex
clusively (~ 9 3%  by nmr) of two 1 :1  adducts12 (Scheme
II): A  [~38% , white powder, mp 141-142°, 
Atonic co) 1775 cm -1, m / e  421 (P+, 9%), J 19 = 4.5 
H z13] and B [-~55%, white crystals, mp 187.5-188.5°, 
rfketonio CO) 1775 cm“ 1, m / e  421 (P+, 7% ), J lt =  4.5 
H z13]. Of these, B was unambiguously characterized 
as 10 on the basis of single-crystal X -ray diffraction 
analysis (Figure l ) .u Moreover, this information and 
the close spectral similarity of the two adducts, ne
cessitates the formulation of A  as 9, i . e . , the diastereomer 
of 10.

(5) While reasonably inert at 110°, 5 rapidly isomerizes to two pyrrole- 
containing substances (nmr, uv, ir, mass spectra) when exposed to 150°.

(6) Band intensities are necessarily approximate owing to serious diffi
culties encountered in handling this substance which readily resinifies when 
neat.

(7) Significantly, catalytic hydrogenation of a hydrocarbon analog of 5
also leads to a cis-fused perhydro skeleton: S. W . Staley and T. J. Henry,
J. Amer. Chem. Soc., 91, 1239 (1969).

(8) Interestingly, the thermal behavior of the la -2 a  equilibrium pair, 
summarized in Scheme I, differs from that of its methoxycarbonyl analog 
which, as we noted recently,1 reorganizes chiefly to a trans-fused dihydro
indole when heated at 76°. Fully as anticipated and in obvious contradic
tion of a recent claim by Masamune, et al.,* we find urethane 2b also to yield 
a trans-fused dihydroindole (6b) as the major product (~ 6 8 %  of thermoly
sate based on the combined amount of 5b and 6b isolated) of reorganization 
at 76°. An earlier report by Masamune, et ai.,i0 to the effect that thermoly
sis of lb  leads to 2b, is also incomplete. In brief, we discovered that thermal 
treatment of a deaerated benzene solution of lb  at 56° leads rapidly ( i i /2 ~  
75 min) to a product mixture consisting (chromatography at — 15°) of 
~ 7 1 %  2b (nmr), 2 3 %  6b [vffi  1720 cm “ *; m /e  191 (P +, 3 8 % ) ; X g 5 14 229 
(« 15,500);6 nmr (60 M H z, benzene-de) r 2.8 (1 H , br d, J  ~  10 H z), 3.28 
(1 H, dd, J -  4 .5, 3 .0 Hz), 3 .7 -4 .3  (3 H, m), 5.05 (1 H , dd, J =  4.5, 1.5 Hz),
6.05 (2 H, q), 6.07 (1 H, d, J&h =  24 Hz), 6.78 (1 H, d, Jah =  24 Hz),
9.05 (3 H, t)] and 6 %  3c (nmr, ir). In contrast, prolonged exposure (~ 8  
hr) of 2b at 56° does not effect rearrangement to 6b but merely generates a 
mixture of ~ 9 5 %  2b and 5 %  lb  (nmr). It  follows that the [6.1.0} skeleton, 
lb , rather than its [6.2.0] counterpart 2b, is the mafor source of 6b at 56°.

(9) S. Masamune and N . Darby, Accounts Chem. Res., 5, 272 (1972).
(10) S. Masamune and N . T. Castellueci, Angew. Chem. 76, 569 (1964).
(11) C. F. H . Allen and J. A . Van Allan, J. Amer. Chem. Soc., 64, 1260 

(1942); 72, 5165 (1950).
(12) The adducts are stable to prolonged heating at the reaction tempera

ture.
(13) The determination of this value necessitated triple irradiation with a 

frequency extending over the entire 6 H  olefinic region.
(14) The X -ray  analysis will be fully detailed in our complete account of 

the work. Full-matrix least-squares refinement with anisotropic tempera
ture factors for all nonhydrogen atoms converted to the present minimum of
0.12 for the conventional discrepancy index. All bond distances and angles 
agree well with generally accepted values and there are no abnormally short 
intermolecular contacts.

S c h e m e  I I

Finally, the minor product (~ 7 % ) of cycloaddition 
between 2a and 8 was isolated by column chromatog
raphy and was shown to be 11 (or 12) by direct spec
tral (nmr, ir) comparison with a synthetic sample (mp
254.5-255.5°) prepared on treatment of 3a with 8 in 
boiling benzene.

The structural features of 9 and 10 require that these 
substances form through symmetry controlled [„2S +  
„4,,] cycloaddition of 8 onto X-acetylazonine incor
porating a remote trans double bond, i.e., one not di
rectly linked to nitrogen. Since both possible rotamers 
of such an azonine, i.e., the cis,cis,trans,cis and cis,- 
trans,cis,cis variants shown in 14 and 15, respectively, 16 
can in principle react with 8 to produce 9 and 10, and, 
since rotamer 15 is formally relatable to 4a (a major 
thermal product of 2a at 76°) through symmetry- 
allowed conrotation of the cross-link, it was necessary 
to assess the thermal response of 4a in the presence of 8. 
Prolonged exposure (~48 hr) of 4a to an equimolar 
proportion of 8 in boiling benzene produced a mixture 
containing (nmr) only minor quantities of 9 and (pos
sibly) 10. Column chromatography of this product 
mixture led to the isolation of 13 [r^etonic co) 1770 
c m -1; m/e 421 (P+, 5% ); nmr (100 M Hz, CD Ch, 90°) 
r 2.8-3.2 (10 H, m), 3.59 (1 H, d, J S4 = 8.5 Hz, H3),
3.89 (1 H, dd, J 66 = 11.5, J 67 = 7.0 Hz, H6), 4.22 (1  H, 
dd, J 56 = 11.5 Hz, J 54 = 6.0 Hz, H6), 4.45 (1 H, dd, 
Ja  = 8.5 Hz, J 46 = 6.0 Hz, H4), 4.75 (1 H, dd, J n =

(15) The convention adopted here for the sequential differentiation be
tween rotamers 14 and 15 places the N Ac function (C H 2 function for the 
hydrocarbon counterparts) at the origin and the system is then labeled 
along such a direction as is necessary for encountering the trans double bond 
from the side of its “ outer'* proton.
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C(J«)

Figure 1.— A structural view of 10 as determined by X-ray 
analysis depicting conformation.

5.0 Hz, J it = 10.0 Hz, Hi), 7.25 (2 H, m, H, +  H»),
7.60 (1 H, dd, J „  = 10.0 Hz, J ss =  4.5 Hz, H8), 7.90 
(3 H, s), 8.79 (3 H, s), 8.82 (3 H, s)],4be., the product of 
symmetry-controlled [T2S +  r4s] cycloaddition of 8 
onto the cyclobutene double bond of 4a as a major con
stituent. It follows that the mono-iraws-azonine re
sponsible for the formation of cycloadducts 9 and 10 in 
the trapping of thermally activated 2a with 8 is derived 
directly from 2a, i.e., without prior isomerization of 
this substance to 4a. The question of whether the 
initially generated ¿rans-azonine is trapped prior to its 
rotational conversion to 15 cannot be answered at pres
ent. Nonetheless, the absence of 13 among the cyclo
adducts of thermally activated la  could be interpreted 
to mean that any participation of 15 in the formation of 
9 and/or 10 is minor.

The thermal rearrangement of 2a can be dissected 
into symmetry-allowed (fca) and forbidden (kt) compo
nents; it is instructive to contrast the thermal reactions 
of 2a in the presence and absence of 8 in terms of the 
ratio of k j k t. Comparison of past1 and present 
findings reveals that this ratio increases from (4a)/ (3a) 
~  0.8 in the absence of trapping agent to (9 -j- 10)/(11 
or 12) 13 in the presence of 8. Clearly then, the use
of isomer product ratios grossly underestimates the con
trol imposed on the various steps by orbital symmetry. 
Undoubtedly, this misrepresentation is chiefly due to the 
reversibility of various symmetry-allowed steps that 
generate fleeting intermediates, e.g., Scheme III, pro
viding for eventual drain through less accessible but ir- 14

S c h e m e  III

14 15

reversible symmetry-disallowed channels. This ratio
nale also accounts for the thermolytic behavior of the 
carbocyclic members of the family. I t  is readily seen for 
example that the k j k { ratio associated with the thermal 
response of m-bicyclo[6.1.0]nona-2,4,6-triene at 80° in
creases in magnitude from M ).l in the absence of 
trapping agent16 to ~ 8  in the presence of 8.17
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Selective D ém éth ylatio n  o f  Q uaternary  

S a lts  w ith  L ith iu m  n -P rop ylp ercap tide in  
H exam eth ylp hosp h oram ide1

Summary: Lithium n-propylmercaptide in hexa
methylphosphoramide provides a mild, rapid, and 
convenient system for dealkylation of quaternary am
monium salts in excellent yield with high propensity 
for methyl group removal.

Sir: The perennial problem of dealkylating quaternary 
ammonium salts has received considerable attention 
and led to the development of several reagent systems 
for effecting such transformations. The most success
ful of these include alkyl displacement using lithium 
aluminum hydride,2“ sodium in ammonia,2b ethanol- 
amine,20 thiophenoxide anion,2d lithium iodide,2® or 
acetate anion.21

The recent disclosure of the exceptional nucleophilic 
displacement ability of lithium n-propylmercaptide in 
hexamethylphosphoramide (H M PA)3 prompts this 
report of the utility of this reagent system as an ef
fective, mild, and rapid method for dealkylation of 
aromatic and aliphatic quaternary ammonium salts 
with superior selectivity for displacement of methyl

(1) Presented in part of the 7th Middle Atlantic Regional Meeting of the 
American Chemical Society, Philadelphia, Pa., Feb 1972.

(2) (a) A. C. Cope, E. Ciganek, L. J. Fleckenstein, and M . Meisinger, 
J. Amer. Chem. Soc., 82, 4651 (1962); (b) E . Grovenstein, Jr., S. Chandra, 
C. Collum, and W . Davis, Jr., ibid., 88, 1275 (1966); (c) S. Hunig and W . 
Baron, Chem. Ber., 90, 395 (1957); (d) M . Shamma, N . C. Deno, and J. F. 
Remar, Tetrahedron Lett., 1375 (1966); (e) H, O. House, H. Muller, C, Pitt, 
and P. Wickham, J. Org. Chem., 28, 2407 (1963); (f) N . D. V. Wilson and 
J. A . Joule, Tetrahedron, 24, 5493 (1968). In addition, 1,4-diazabicyclo- 
[2.2.2]octane in D M F  or H M P A  ha® recently been shown to effectively 
dealkylate quaternary salts; see T. L. Ho, Synthesis, 702 (1972).

(3) P. A . Bartlet and W . S. Johnson, Tetrahedron Lett., 4659 (1970).

NAc

A . G. A n a s t a s s i o u *  
R . L . E l l i o t t 18

H. W . W r ig h t  
J. C l a r d y 18
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groups. The procedure for the selective demethylation 
of phenyldimethylethylammonium iodide is illustra
tive. A  solution of the ammonium salt (376 mg, 2.5 
mmol) and n-tridecane (235 mg, 1.25 mmol, internal 
standard) in 5 ml of H M PA (distilled from CaH2) was 
cooled to 0-5° and lithium hydride (159 mg, 20 mmol) 
was added, followed by freshly distilled n-propyl- 
mercaptan (630 mg, 8.3 mmol, 0.75 ml). The solution 
was stirred under nitrogen at 0° for 30 min, then diluted 
with water, and extracted with cyclohexane. Analysis 
of the cyclohexane solution by glpc indicated a 97% 
yield of phenylmethylethylamine (1) and <0.5% 
deethylated product, phenyldimethylamine (2). A

+  C .H ,S -L i +
C6H5N (C H ,)2(C2H5) 1 - --------------------- ^

H M P A , 0 ° , 3 0 min

C6H6NCH3(C2H6) +  C6H5N(CH3)2 
1, 97%  2, ~ 0

C«H5N(CH3)2(C2Hs) I - --------- >■ 94% 4%
85°, 5 min

similar reaction conducted at 85° gave a 94% yield of 
1 and 4%  2. W ith completely aliphatic salts, slightly 
more vigorous conditions (50°, 2-3 hr) were required 
to effect demethylation as expected since the departing 
amines are stronger bases. The results for a variety 
of quaternary salts are presented in Table I. As evi
dent from the table, the reagent system offers several 
advantages including excellent yields of tertiary amines 
(93-99%), relatively short reaction times, and mild 
conditions. Furthermore, the method shows excep
tional selectivity for methyl group removal, especially 
at lower temperatures, and appears to surpass other 
procedures2-4 in this regard. Coupled with recent im
proved procedures for quaternary salt formation,6 the

(4) For instance, the most selective reagent system previously developed 
appears to be thiophenoxide anion in refluxing (80°) 2-butanone which af
forded a 3 .5 :1  ratio of demethylated to deethylated product with methyl- 
triethylamznonium halides in 19 hrzd while ethanolamine gave only a 1.6 :1  
ratio of the same products at 172° for 5 hr.2c

(5) H . 2 , Sommer, H . I , Lipp, and L. J. Jackson, J. Org. Chem., 36, 824 
(1971).

T a b l e  I

D e a l k y l a t i o n s  o f  Q u a t e r n a r y  A m m o n i u m  S a l t s  w i t h  
L i t h i u m  w- P r o p y l m e r c a p t id e  i n  H e x a m e t h y l p h o s p h o r a m i d e

/— %  yields“----- .
D e-

meth D e- Selec
Temp, Time, ylated alkylated tivity

Quaternary salts °c min product product ratio

C6H SN (C H ,),I 25 15 96
85 5 95

CeHUKCH.PCîHsI 0 30 97 ~ o
85 5 94 4 2 4 :1

C6HsN(CHj)2CH(CH*)2l 0 30 93 »•0
CH,(CH 2) uN (CH i) iChHsI 50 120 94 < 3 > 3 1 :1

85 15 92 4 2 3 :1
C H ,(C H ,)u N (C H ,)2C H (C H ,h I 50 180 99 '^0 '>-100:1

85 15 94 4 2 4 :1
C H ,(C H t)uN(CHi)2(CHi)>CH,I 50 180 99 - 1 0 0 :1

“ Yields were determined by glpc using internal standards and 
predetermined detector response factors. The percentages are 
averages of four-six samples.

method offers a convenient method for preparing un- 
symmetrical tertiary amines via alkylation of methyl- 
amines and demethylation with n-propylmereaptide.

The high nucleophilicity of the reagent system limits 
the procedure to compounds devoid of ester groups, 
which are readily cleaved, at least at higher tempera
tures.3 In addition, primary and secondary alkyl 
halides afford substitution and/or elimination products 
and aromatic nitro groups may be displaced6 or give 
undefined, highly colored products. Most other func
tional groups such as cyano, amido, carboxylic acid, 
and carbonyls should be tolerable. We are currently 
further exploring the scope and limitations of the 
reagent system.

(6) J. B. Bauman, ibid., 36, 396 (1971).

D e p a r t m e n t  o f  C h e m i s t r y  R o b e r t  O . H u t c h i n s *
D r e x e l  U n i v e r s i t y  F r a n k  J. D ux
P h i l a d e l p h i a , P e n n s y l v a n i a  19104

R e c e i v e d  F e b r u a r y  23, 1973



r >
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