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The cis-trans ratio of the stilbenes formed in Wittig reactions of semistabilised ylides
(derived from benzyltri(hetero)arylphosphonium salts in ethanolic ethoxide) with benzaldehyde decreases markedly in the series 2-furyl >2-thienyl >phenyl > 1-methylpyrrol2-yl. The 2-furyl group favours a greater proportion of the ci«-isomer than m-trifiuoromethylphenyl, whereas the l-methylpyrrol-2-yl group favours a greater proportion of the
trans isomer than jo-methoxyphenyl. Similarly, in Wittig reactions of carbonyl-stabilised
ylides with benzaldehyde and acetaldehyde, the presence at phosphorus of 2-furyl groups
results in a significant increase in the proportion of the cis-alkene compared to that formed
from the related triphenylphosphonium ylide.
These results are discussed in terms of both betaine and cycloaddition mechanisms for
the Wittig reaction. Also discussed is their relevance to recent proposals concerning the
elimination of alkene from the intermediate oxaphosphetan.

There have been relatively few studies of the
effects of the substituents at phosphorus on the
mechanism and stereochemistry of the Wittig reaction between phosphonium ylides and carbonyl
compounds. Johnson et al. [2] showed that the
presence of electron-withdrawing groups e.g. pchlorophenyl at phosphorus leads to an increase in
the proportion of eis-alkene whereas electrondonating groups e.g. p-methoxyphenyl favour the
formation of the iraws-isomer. These findings were
interpreted in terms of the involvement of betaine
intermediates. It was argued that electron-withdrawing groups increase the rate of betaine collapse,
such that a greater proportion of the eis-alkene
arising from the erythro-betaine is formed. Conversely, electron-donating groups reduce the rate of
betaine collapse, thereby favouring the predominant
formation of the threo-betaine and in turn the transalkene. Similarly, enclosure of the phosphorus atom
in a small ring system also leads to an increased
proportion of cis-isomer, presumably also as a
result of an increased rate of betaine collapse [3].
Following our interest in the effects of heteroaryl
substituents on the rate and course of reactions at
phosphorus, we have now explored the effects of
such substituents on the steric course of the Wittig
reaction.
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Table I. cis-trans Ratios and overall yields of stilbenes
formed in the reactions of the ylides Ar 3 P = CHPh with
benzaldehyde in ethanol.

AT = 2-furyl
Ar — 2-thienyl
Ar = 1-methylpyrrol-2-yl
Ar = 3-furyl
Ar = 3-thienyl
Ar = phenyl
AT = m-trifluoromethylphenyl
Ar = p-methoxyphenyl

cis[%]

trans [%]

Overall
yield [ % ]

63
54

37
46

95
61

22
30
35
50

78
70
65
50

69
95
95
87

50

50

87

33

67

95

Initially the reactions of a series of semistabilised
ylides (1) (obtained by treatment of the related
benzylphosphonium salts with sodium ethoxide in
ethanol) with benzaldehyde were investigated. The
relative proportions of eis- and Jroms-stilbene were
determined by G. L. C., and the results of this series
of experiments are presented in Table I.
Ar 3 P=CHPh + PhCHO ->
1
A r 3 P = 0 + PhCH=CHPh.
It is seen that the cis-trans ratio of the stilbenes
decreases markedly in the series 2-furyl > 2-thienyl >
phenyl > l-methylpyrrol-2-yl. From our earlier
studies of the reactivity of a wide range of phosphonium salts, phosphine oxides, phosphinate and
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phosphonate esters, we have concluded that the
overall electron-withdrawing effect of these heteroaryl substituents relative to phenyl also decreases in
the above order [4-6].
It is interesting to compare the effects of these
heteroaryl groups with those of m-trifluoromethylphenyl and p-methoxyphenyl, as conventional
electron-withdrawing and -donating systems, respectively. Both the 2-furyl and 2-thienyl groups
appear to be acting as more strongly electronwithdrawing groups than m-trifluoromethylphenyl.
In contrast, the l-methylpyrrol-2-yl group would
appear to be more electron-donating than pmethoxyphenyl, and results in a significant increase
in the proportion of the Jroms-isomer.
Compared to 2-furyl and 2-thienyl, the respective
3-heteroaryl substituents are much less electronwithdrawing, being comparable with p-methoxyphenyl in their effect on the cis-trans ratio. In our
studies of the rates of alkaline hydrolysis of 3-furyland 3-thienylphosphonium salts [7] it was established that these 3-heteroaryl groups were much less
electron-withdrawing than the respective 2-heteroaryl isomers.
As the 2-furyl group had the greatest effect on
increasing the yield of the cis-isomer in the above
reactions, it was of interest to compare the steric
course of the reactions of the fully-stabilised ylides
(2) and (3) with benzaldehyde and acetaldehyde in
ethanol, to give eis- and Jraws-isomers of ethyl
cinnamate and ethyl crotonate, respectively. Stabilised phosphonium ylides normally yield a high
proportion of the tfroms-isomer [8].

Table II. cis-trans Ratios and overall yields of esters
R C H = CHCC>2Et formed in reactions of the ylides
Ar 3 P = C H C 0 2 E t with the aldehydes RCHO in ethanol.

Ar
Ar
Ar
Ar

= phenyl
= 2-furyl
= phenyl
— 2-furyl

RCHO

cis[%]

Overall
trans [ % ] yield [ % ]

R
R
R
R

21
41
27
48

79
59
73
52

=
=
=
=

Ph
Ph
Me
Me

89
31
71
22

occur in the presence of traces of water in the
ethanol solvent.
The above results can all be accommodated in
terms of the electron-withdrawing or -donating
effect of the heteroaryl substituents on the rate of
betaine collapse to products. However, we have
shown recently that increasing steric crowding at
phosphorus in the reactions of the semistabilised
ylides Ar2 1 Ar 2 P=CHPh (Ar*, Ar 2 = Ph or o-tolyl)
with benzaldehyde in ethanol as solvent also leads
to an increase in the proportion of cis-isomer [9]. We
have suggested that these findings support the
involvement of a cycloaddition mechanism of the
type suggested by Vedejs and Snoble [10], who
attributed the preferential formation of cis-alkenes
in Wittig reactions of non-stabilised ylides in T H F
under salt-free conditions to the direct formation of
the cis-l,2-oxaphosphetan (4) via a transition state
(5) involving orthogonal approach of the ylide P = C
and carbonyl groups in a N2& -)- JI2S cycloaddition
reaction, without the involvement of betaine intermediates.

Ar3P0

Ol-

:CHC02Et

Ph3P = CHC02Et

3
The respective yields of the isomeric cinnamate
and crotonate esters are presented in Table II.
As in the case of the semistabilised ylides, the
presence of the 2-furyl group at phosphorus causes
a marked increase in the proportion of cis-isomer
formed from the stabilised ylide. Although as yet
no attempts have been made to optimise overall
yields of alkenes, it was noted that yields of the
alkenes produced in the reactions of the ylide (2)
were disappointingly low, perhaps due to the
tendency of 2-furylphosphonium salts to undergo
alkaline hydrolysis extremely rapidly, as would

It has also been suggested recently [11] that the
predominant formation of Jraws-alkenes in Wittig
reactions of fully stabilised ylids can also be accounted for in terms of a cycloaddition mechanism
involving the coplanar combination of P = C and
C = 0 in a 7i2s-\-n2s cycloaddition mode. In these
reactions, the effect of electron-withdrawing substituents at phosphorus in increasing the proportion
of cis-isomer was foreseen in terms of the
formation of the P • • • 0 bond in advance of the C • • • C
bond, steric interactions between substituents on
the ylid carbon and carbonyl carbon therefore
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having less effect on the stability of the transition
state (6). Conversely, in the case of electrondonating substituents at phosphorus, formation of
the C - C bond will occur in advance of the P - 0
bond, and steric interactions between the substituents at the carbon atoms in 7 will therefore
favour the trans-isomer.

T

I

Ar3NcH*<

j/»*2
6-

6

7

Thus the influence of the electron-withdrawing
2-furyl group on the steric course of the above
Wittig reactions of carbonyl stabilised ylides may
also be accounted for in terms of the latter mechanism .
In the case of the above semistabilised heteroarylphosphonium ylides, if a cycloaddition mechanism of the type suggested by Vedejs and Snoble
[10] is involved, then in sterically uncrowded
systems the electronic effects of the substituents at
phosphorus should also be able to be accommodated
in terms of this mechanism. As in the case of the
fully stabilised ylides, the presence of electronwithdrawing substituents at phosphorus will result
in the formation of the P - 0 bond in advance of
the C - C bond, and steric interactions between
groups R 1 and R 2 (and also between R 2 and the
substituents at phosphorus) will be less important
and lead to a greater proportion of cis-isomer.
Conversely, electron-donating groups at phosphorus
will result in the formation of the C - C bond in
advance of P---0, and the trans-isomer will be
favoured.
It is interesting that in the Wittig reactions of
both semistabilised and fully stabilised ylides the
electronic effects of the substituents at phosphorus
are similar, in that electron-withdrawing substituents favour the ds-alkene, whereas the effects of
steric crowding at phosphorus in the two series of
ylides are opposite [12]. Thus in the case of semistabilised ylides, increasing steric crowding at phosphorus favours the as-alkene [9], whereas for fully
stabilised ylides, the trans alkene is favoured [12].
These latter observations strongly indicate that the
reactions of the two types of ylide proceed via a

different mechanism and lend support to the above
alternative cycloaddition modes, rather than to the
long accepted betaine mechanism for the Wittig
reaction.
Very recently there have been two further mechanistic proposals concerning the steric course of the
Wittig reaction. Bestmann et al. [13] have proposed
that the cis-oxaphosphetan is formed initially via a
betaine-like transition state, and that following
pseudorotation of the oxaphosphetan, cleavage of
the apical P - C bond occurs to give the new betaine
(8), which syn-eliminates the phosphine oxide to form
the cis-alkene. It was suggested that factors which
slow down the latter step (such as the presence at
the carbanionic carbon of an electron-withdrawing
group, as would occur in the reactions of fully
stabilised ylides) will favour the formation of the
trans isomer. Conversely it follows that rapid elimination of the phosphine oxide would favour the
cis-alkene, and our results on the above 2-furylphosphonium compounds can also be accommodated
in these terms, since the electron-withdrawing
2-furyl group will favour formation of the P = 0
bond and render the phosphine oxide a better
leaving group.

Ar

8

In an alternative and somewhat conflicting proposal [14], it has been assumed that in general,
steric factors will favour the formation of the transoxaphosphetan, which would then undergo P - C
cleavage as above. However, it has been suggested
that the steric outcome depends on whether the
betaine undergoes the syn or anti-mode of elimination of an E I C B mechanism. $*/N.-elimination
(assumed to be favoured in the presence of salts)
would therefore lead to the fraws-alkene whereas
an&'-elimination (assumed to be favoured in the
absence of salts in the "salt-free' version of the
Wittig reaction) would lead to the c?'s-alkene. The
reactions which we have reported in this paper take
place in an ethanolic medium, in the presence of
sodium bromide. This would therefore suggest that
a syn-elimination mechanism might be favoured
under these polar conditions, and that the trans-
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alkene would predominate. However, as we have
seen, particularly in the reaction of the 2-furylphosphonium ylide (1), the cis-alkene predominates, and it
is difficult to rationalise our findings in terms of the
latter proposal. There are clearly many aspects of
the mechanism of the Wittig reaction which remain
to be clarified, and we are continuing our studies in
this area.
Experimental
Operations involving tertiary phosphines or
related phosphonium ylides were conducted under
nitrogen. XH NMR spectra were recorded at 60 MHz
using a J E O L spectrometer.
Preparation of phosphonium salts
Ethoxycarbonylmethyltri( 2-furyl) phosphonium
bromide
Tri-(2-furyl)phosphine and ethyl bromoacetate
(1 mol) were heated together under reflux in acetonitrile for several hours. The resulting solution was
then poured into ether to precipitate the salt m.p.
148-149 °C (from chloroform-ethyl acetate).
CieHieOsBrP
Found C 47.9
Calcd
C 48.1

H 3.9,
H 4.0.

I (CDCls): 1.6-2.0 (m, 6H), 2.9-3.2 (m, 3H),

C28Hi9BrF9P
Found C 52.4
Calcd
C 52.7

H 3.2,
H 3.0.

Benzyltris- (p-methoxyphenyl)phosphonium bromide
Tris-p-methoxyphenylphosphine and benzyl bromide (in excess) were heated together under reflux
in toluene. The precipitated salt was filtered and
washed with toluene, to give crystals, m.p. 239 to
241 °C.
C28H28Br03P
Found C 64.4 H 5.5,
Calcd
C 64.2 H 5.4.
All other phosphonium salts were prepared and
purified as described previously [5, 16—18].
Wittig reactions
(A) Benzylphosphonium salts
The reactions were carried out by dissolving the
appropriate phosphonium salt (1.25 X 10~4 moles)
and benzaldehyde (1.25 X 10 -4 moles) in dry ethanol
(1.5 cm3), to which was then added sodium ethoxide
(1.25 X 10~4 moles) in ethanol (1 cm 3 ). After 1 h at
room temperature, the solutions were diluted with
toluene (2.5 cm3) and analysed for eis- and transstilbene by GLC (5' column of SE30 on celite at
205 °C, using a flame ionisation detector). No
attempt was made to optimise overall yields of
alkenes.

Benzyltris- ( m-trifluoromethylphenyl)phosphonium
bromide
Tris-(m-trifluoromethylphenyl)phosphine [15] and
benzyl bromide (in excess) were heated together
under reflux in toluene. The precipitated salt was
filtered, and washed with toluene, to give crystals,
m.p. 232-234 °C.

(B) Ethoxycarbonylmethylphosphonium salts
The reactions were carried out by dissolving the
salt (1.25 X 10~4 moles) and benzaldehyde (or
acetaldehyde) (1.25 X 10 -4 moles) in dry ethanol
(1.5 cm3), to which was then added sodium ethoxide
(1.25 X lO -4 moles) in ethanol (1 cm3). After standing at room temperature for 24 h, the reaction
mixtures were analysed for the eis- and transcinnamate (or crotonate) esters by GLC (5' column
of SE30 on celite, at 250 °C, using a flame ionisation
detector).
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