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A GENERAL HYPOTHESIS FOR THE MECHANISM OF,THE WITTIG REACTION 

WILLIAM E. MCEWEN AND WILLIAM J. WARD 
Department ,of Chemistry, University of Massachusetts, Amherst, 
Massachusetts 01003 U.S.A. 

Abstract Arguments are presented that an ionic mechanism is 
operative in the Wittig reaction when a metal ion is a part of 
the transition state leading to oxaphosphetane formation but 
that formation of a spin paired diradical precedes oxaphosphe- 
tane formation in other cases. 

INTRODUCTION 

In order to evaluate better our previous findings that N+-P(IV) 

and 02?-P( IV) 

Wittig reactions lead to greater cis-trans ratios of alkenes than 

in the cases of analogous reactions in which no such through space 

interactions are operative, we have now made a thorough study of 

metal ion effects in the latter types of reaction. 

- 
through space interactions in lithium ion-catalyzed 

- 

RESULTS 

In the reactions of benzylidenediphenylmethylphosphorane with 

various aldehydes (0 .005 mole scale) in 30 mL of anhydrous THF at 

- 7 8 ° C  in the presence of lithium chloride, the yields and cis- 
trans ratios of the expected alkenes are: 9 4 % ,  6 6 : 3 4  with 

benzaldehyde; 97%,  6 7 : 3 3  with - p-methylbenzaldehyde; 9 0 % ,  5 4 : 4 6  

with p-chlorobenzaldehyde; 8 1 % ,  6 8 : 3 2  with - p-methoxybenzaldehyde; 
8 8 % ,  4 8 : 5 2  with furfural; 8 8 % ,  7 4 : 2 6  with l-methylpyrrole-2- 

carboxaldehyde; 8 8 % ,  5 0 : 5 0  with pivalaldehyde; 8 6 % ,  3 0 : 7 0  with - p- 

nitrobenzaldehyde; 9 2 % ,  4 2 : 5 8  with p-(trifluoromethy1)benzalde- 

hyde. When the ratio of LiCl to p-nitrobenzaldehyde (and ylide) 
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394 W. E. MCEWEN AND W .  J .  WARD 

is raised from 1:l to 2:1, the cis:trans ratio of pnitrostil- 

benes is raised to 36:64; when the ratio of LiCl to aldehyde is 

raised to 3:1, the limit for maintenance of a homogeneous solu- 

tion, the cis:trans ratio of alkenes rises to 42:58. These data 

indicate that increasing sequestration of Li by solvent occurs 

as the basicity of the aldehyde decreases. 

-- + 

When sodium chloride is present rather than lithium chloride, 

the reaction with benzaldehyde gives a 98% yield or  stilbenes, the 

-- cis-trans ratio being 19:81; with p-methylbenzaldehyde, 84%, 

17:83; with p-chlorobenzaldehyde, 86%, 25:75; with - p-methoxy- 
benzaldehyde, 8 7 % ,  18:82; with furfural, 82%, 30:70; with 1- 

methylpyrrole-2-carboxaldehyde, 93%, 16:84; with pivalaldehyde, 

81%, 23:77; with - p-nitrobenzaldehyde, 80%, 27:73; with - p-(tri- 
fluoromethyl)benzaldehyde, 85%, 25:75. 

When potassium chloride is present, the data are: with 

benzaldehyde, 96%, 18:82; with - p-methylbenzaldehyde, 96%, 17:83; 
with p-chlorobenzaldehyde, 88%, 22:78; with - p-methoxybenzalde- 
hyde, 92%, 17:83; with furfural, 95%, 25:75; with l-methylpyrrole- 

2-carboxaldehyde9 99%, 9:91; with pivalaldehyde, 92%, 21:79; with 

- p-nitrobenzaldehyde, 89%, 34:66; with p-(trifluoromethy1)- 

benzaldehyde, 95%, 24:76. 

Unlike data presented by Maryanoff -- et al. for fundamentally 

different systems, the concentration effects in the reactions 

described above are very small. For example, the ratio of  - cis: 

trans stilbene changes only from 66:34 to 69:31 when the volume 

for a 0.005 mole scale reaction of benzaldehyde with ylide, with 

LiCl present, is changed from 30 mL to 80 mL. Even smaller 

changes are noted for the reactions of the other aldehydes. Also, 

no crossover products in any significant amounts are found when 

extraneous aldehydes are added to the reaction mixtures shortly 

after the original reagents are m i ~ e d . ~ ’ ~  

evidence for reversal of oxaphosphetane formation is noted. 

Thus, no compelling 

Additional evidence that these reactions, with LiC1, NaC1, 
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or KC1 present, occur under kinetic control and without any 

significant degree of equilibrium or Wittig reversal was obtained 

from 31P NMR studies carried out at -78OC. For reactions carried 

out in an NMR tube, with the spectrum being taken within a minute 

of the mixing of the reagents, only signals attributable to the 

ylide (E. +1 to -5 6 )  and to the phosphine oxide (z. +25 to +30 
6) could be detected. Only in the case of the reaction of the 

ylide with pivalaldehyde, with sodium chloride present, could a 

very small signal in the region expected for an oxaphosphetane 

(6 = -68.7) be detected. Thus, as in our previous study1 and in 

other similar  case^,^,^ the reactions are very fast, and the 
energy barriers for pseudorotation of oxaphosphetanes6 and for 

their conversion to products are small compared to the energy 

barriers for reversal of oxaphosphetane formation. 

As in the case with stabilized ylides,8 we have found that, 

with our semistabilized ylides, the stereochemistry of alkene 

formation (cis-trans ratio) is determined by the time that oxa- 

phosphetane intermediates have been formed; in fact the stereo- 

chemistry is determined when the new carbon to carbon bond has 

been formed. Specifically, the reactions of erythro-(2-hydroxy- 

1,2-diphenylethyl)methyldiphenylphosphonium iodide, prepared 

independently by the epoxide ro~te,~-ll with - n-butyllithium, 

sodium ~(trimethylsilyl)amide, or potassium - bis(trimethylsily1)- 

amide in anhydrous THF at -78°C give exclusively cis-stilbene in 

88-97% yields. 

reaction mixture at -78°C within a minute of the mixing of the 

reagents reveals only the presence of the phosphine oxide product. 

-__ 

Also, examination of the 3 1 P  NMR spectrum of each 

Bergelson - _  et al. have reported the existence of an anion 

effect on alkene ratios formed in some Wittig reactions, a fact 

which has largely been ignored by later workers. We have found 

that, in the reaction of benzy ld ipheny lme thy lphosphon ium iodide 

with sodium e(trimethylsily1)amide under the usual conditions, 

the cis:trans ratio of stilbenes produced is 69:31, as against a -- 
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r a t i o  of 19:8$ when potassium & ( t r i m e t h y l s i l y l ) a m i d e  is used as  

t h e  base.13 

r e a c t i o n ,  as  when K I  is p r e s e n t  i n  t h e  r e a c t i o n  m i x t u r e .  S i m i l a r  

r e s u l t s  are o b t a i n e d  when p i v a l a l d e h y d e  is used i n  p l a c e  of 

benzaldehyde. Here t h e  c i s - t r a n s  r a t i o s  of a l k e n e s  are abou t  

6 6 : 3 4  i n  t h e  p re sence  of L i I  o r  NaI, and 21:79 i n  t h e  p r e s e n c e  of 

K I  . 

The r a t i o  of 18:82 is o b t a i n e d  i n  t h e  s a l t  f r e e  

DISCUSSION 

The r e s u l t s  c i t e d  above and a d d i t i o n a l  d a t a  from t h e  l i t e r a t u r e 1 4  

sugges t  t h a t  an i o n i c  mechanism is o p e r a t i v e  when a metal i o n  i s  a 

p a r t  of t h e  t r a n s i t i o n  s t a t e  l e a d i n g  t o  oxaphosphetane f o r m a t i o n  

but  t h a t  fo rma t ion  of a s p i n  p a i r e d  d i r a d i c a l  p recedes  oxaphos- 

phetane fo rma t ion  i n  o t h e r  c a s e s .  The mechanism of t h e  i o n i c  

pathway h a s  been d i s c u s s e d  p r e v i o u s l y , 2  b u t  i n  a n  o v e r l y  s i m -  

p l i f i e d  manner.15 

mechanism i s  of g r e a t e r  i n t e r e s t  because i t  can  p o s s i b l y  e x p l a i n  

t h e  h e r e t o f o r e  most p u z z l i n g  f e a t u r e  of W i t t i g  r e a c t i o n s ;  G., 
why t h e  r e a c t i o n  of u n s t a b l e  y l i d e s  w i t h  a l d e h y d e s  g i v e s  mainly 

- c i s - a l k e n e s  under a wide v a r i e t y  of c o n d i t i o n s ;  why s e m i s t a b l e  

y l i d e s  g i v e  v a r i a b l e  m i x t u r e s  o f  g e o m e t r i c a l l y  i s o m e r i c  a l k e n e s ;  

and why s t a b l e  y l i d e s  g i v e  mainly t r a n s - a l k e n e s .  The Vedejs4 

model f o r  t h e  geometry of t h e  t r a n s i t i o n  s t a t e  can  be used t o  

i l l u s t r a t e  t h e  arguments.  l 6  

aldehyde t o  an  y l i d e  under c o n d i t i o n s  wherein no metal i o n  is 

complexed t o  e i t h e r  r e a g e n t  g i v e s  r i s e  t o  mainly two s p i n  p a i r e d  

d i r a d i c a l s ,  - 1 and - 2 ,  of which 1 h a s  less steric s t ra in  and is t h e  

predominant i n i t i a l  u n s t a b l e  i n t e r m e d i a t e .  I t  shou ld  be no ted  

t h a t  t h e  r a d i c a l o i d  c e n t e r s  of 1 occupy E o r b i t a l s  t h a t  are o r t h o -  

gona l .  Thus, s u b s t a n t i a l  bond r e o r g a n i z a t i o n  would be r e q u i r e d  

f o r  - 1 t o  undergo r i n g  c l o s u r e  t o  form t h e  c i s -oxaphosphe tane .  

Although t h e r e  would be s u b s t a n t i a l  s t a b i l i z a t i o n  of t h e  

L i n n e t t 1 7 , 1 8  r a d i c a l o i d  center of 1, t h e r e  would b e  l i t t l e  

The mechanism of t h e  s p i n  p a i r e d  d i r a d i c a l  

The c r i s s c r o s s e d  approach of an  
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A GENERAL HYPOTHESIS FOR THE MECHANISM OF THE WITTIG REACTION 397 

s t a b i l i z a t i o n  of t h e  o t h e r  r a d i c a l o i d  c e n t e r  i f  R were a s i m p l e  

a l k y l  g roup  ( a r i s i n g  from an  u n s t a b l e  y l i d e ) .  Thus,  bond r eo rgan-  

i z a t i o n  and r i n g  c l o s u r e  t o  t h e  c i s -oxaphosphe tane  would be  

r e l a t i v e l y  uncompl ica ted .  Accord ing ly ,  i n  t h e  a b s e n c e  of  any  

s i g n i f i c a n t  d e g r e e  of W i t t i g  r e v e r s a l ,  t h e  c i s - a l k e n e  would p r e -  

dominate .  On t h e  o t h e r  hand, i f  R i s  a n  a r y l  group ( a r i s i n g  from 

a s e m i s t a b l e  y l i d e ) , a  w e l l  s t a b i l i z e d  b e n z y l i c  r a d i c a l o i d  c e n t e r  

would be p r e s e n t  i n  1. 
1, because  of t h e  p r e s e n c e  of b o t h  L i n n e t t  and  b e n z y l i c  r a d i c a l o i d  

c e n t e r s ,  i t s  h a l f  l i f e  would be s u f f i c i e n t  t o  p e r m i t  r o t a t i o n  

abou t  e i t h e r  o r  b o t h  of t h e  P-C and 0-C bonds d u r i n g  bond r eo rgan-  

i z a t i o n  and r i n g  c l o s u r e ,  t h e r e b y  p e r m i t t i n g  a s i g n i f i c a n t  d e g r e e  

of  i s o m e r i z a t i o n  t o  t h e  thermodynamica l ly  f a v o r e d  t rans-oxaphos-  

phe tane  t o  occur .  O f  c o u r s e ,  i f  R i s  a n  a c y l ,  cyano,  o r  s imilar  

group ( a r i s i n g  from a s t a b l e  y l i d e ) ,  t h e  s t a b i l i z a t i o n  of 1 w i l l  

be even g r e a t e r ,  t h u s  p e r m i t t i n g  a lmos t  comple t e  i s o m e r i z a t i o n  t o  

t h e  t r a n s  i somer  i n  t h e  f o r m a t i o n  of t h e  oxaphosphetane .  

- 

- 

Owing t o  t h e  s u b s t a n t i a l  s t a b i l i z a t i o n  of 

- 

- 

1 - 2 - 
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