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Abstract—The E/Z ratios of the stilbenes 1 formed in the Wittig reaction of ortho-halo substituted benzyltriphenylphosphonium
salts 2 and benzaldehydes 3 were determined. It was found that there is a co-operative effect of one ortho-halo group on each of
the two reacting partners which increases Z-selectivity, but two such groups on the same reactant gives high E-selectivity. The
effects are strong enough to be preparatively significant in certain cases and can be interpreted within the modern framework of
the Wittig mechanism established by Vedejs and co-workers. © 2002 Elsevier Science Ltd. All rights reserved.

The Wittig reaction1 is one of the most important and
synthetically useful reactions in organic chemistry.2 It
has also attracted much attention and controversy
regarding its mechanism.2a Wittig originally proposed1

that the reaction proceeds via an oxaphosphetane
(OPA) but this idea fell into disfavor until the work of
Vedejs.3 For unstabilized4 ylides, it is now accepted3,5

that OPAs are the intermediates in the reaction and the
transition states for OPA formation have been carefully
analyzed.3b,e,6,7 The situation is less clear for semi-stabi-
lized ylides because the OPAs are much harder to
detect, having only transient existence.3c Thus, OPAs
have been detected with alkyl-substituted aldehydes3c

but not with benzaldehydes as the reacting partner.5a

An especially important test applied to any mechanistic
proposal for the Wittig reaction has been its explana-
tion of the Z/E ratio of the alkene products. Recently
we required small amounts of a series of E- and Z-stil-
benes of the type 1 where there is at least one ortho-
halo substituent on one or both rings. We chose to
make them by Wittig reactions, with subsequent chro-
matographic separation, from the corresponding substi-
tuted benzyltriphenylphosphonium salts 2 and
benzaldehydes 3 with sodium hydroxide (Scheme 1).
During the work some curious trends in the E/Z selec-
tivity were noted. We found these could be interpreted

on the basis of intermediate OPAs, thereby providing
support for their involvement in the mechanism.

Benzylidenetriphenylphosphorane gives almost no
selectivity with benzaldehyde.2 However, substitution
on both the ylide and aldehyde components can shift
the selectivity in either direction, sometimes in an
apparently inexplicable manner.2c In addition, ortho
substitution is known to affect reactions at phospho-
rus.8 In the Wittig reaction, McEwen and Cooney9

showed that ortho-methoxy substituents on the aryl
rings attached to phosphorus cause greater E-selectivity
in reactions with a range of para- and meta-substituted
benzaldehydes, while similar placement of
methoxymethyleneoxy groups causes preparatively use-
ful Z-selectivity in Wittig reactions of stabilized
ylides.10 More relevant to our work were reports by
Cushman et al.11 and Yamataka et al.7 that ortho-
methoxy and halo substituted benzaldehydes gave pre-
dominately Z-stilbenes in reaction with
benzylidenetriphenylphosphorane. Yamataka and co-
workers7 proposed that this selectivity was due to a

Scheme 1.
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chelating interaction of filled p-orbitals on the sub-
stituent and the carbonyl oxygen to the phosphorus
atom in an initial �-complex of aldehyde and ylide.
Similar explanations had been advanced to explain the
ortho effects in other reactions at phosphorus.8 We were
interested in exploring the full extent of the ortho effect
and also the effect of similar substitution on the ben-
zylidenetriphenylphosphorane partner, which ordinarily
is expected to produce the opposite effect.2c,7

Table 1 shows results from the reaction in chloroform
of substituted benzyltriphenylphosphonium salts with
benzaldehydes in the presence of aqueous NaOH (50%
w/v, 5 equiv.) at ambient temperature.12 This simple
two-phase reaction medium can be used because the
phosphonium salt itself acts as a phase transfer agent.
It was gratifying that the yields and selectivity13 were
somewhat greater than those reported by Yamataka et
al.7 using NaHMDS as base. After most of this work
was complete Hwang et al.14 published a related study15

in dichloromethane using much more dilute NaOH
solution (0.1 M, 1 equiv.) which gave higher yields.
Somewhat better selectivity has been reported16 in a
similar system by the use of solid KOH and crown
ether catalysis at low temperature. Because different
reaction conditions were used, exact comparisons with
previous work are inappropriate.17 On the other hand
qualitative conclusions can be drawn regarding the
influence of the ortho-halo substituents.

From Table 1 it can be seen that there is the expected7

pronounced effect of the placement of one ortho-halo
substituent on the aldehyde such that the proportion of
Z-alkene is increased (compare entries 8, 1, 10, 19).
More interesting is that placement of an extra halo
substituent on the salt partner increases the proportion
of Z-isomer (compare entries 1/3, 10/12, 19/21), despite
the fact that placement of a single halo substituent on
the salt normally leads to a greater proportion of
E-isomer (compare entries 8, 2, 11, 20). We discuss the
origin of this co-operative ortho effect below. The
placement of a second ortho-substituent on the same

reacting partner leads to a substantial increase in the
E-isomer proportion (compare entries 1/5, 10/14, 2/4,
11/13). However the co-operative effect can still be
discerned because when the third halo substituent is
added the Z-isomer proportion increases again (com-
pare entries 4/7, 5/6, 13/16, 14/15). Finally when all
four ortho positions are occupied the E-isomer is pre-
dominant (entry 17). We speculate that this outcome
reflects the much greater steric crowding introduced.
The co-operative effect is not dependent on the halo-
gens being the same and hence is not a regular elec-
tronic effect through the aromatic rings (entries 22/23).

The detailed course of the Wittig reaction, as estab-
lished by Vedejs and co-workers3b,e for salt-free unsta-
bilized and some semistabilized ylides, is as follows. It
proceeds by an asynchronous [2+2] cycloaddition18 to
an oxaphosphetane (OPA) containing a pentavalent
trigonal bipyramidal phosphorus atom. The OPA then
rapidly decomposes to the alkene and phosphine oxide.
Therefore, the formation of OPA is overall rate
determining3c,e and the Z/E ratio observed in the final
product reflects the ratio of cis/trans OPAs produced in
the first step.3b,e,19 Normally the cis-OPA is considered
to be the higher energy form.3b,e However, there is
usually kinetic control in OPA-formation3e,19 so cis-
OPA can be formed in excess if the TS leading to it has
the lower energy. It is proposed3c,e that unstabilized
ylides will have an early transition state which will be
reactant-like and therefore non-planar with 1,3-interac-
tions dominant, leading to a cis-orientation and thence
Z-alkene, Fig. 1(a). Stabilized ylides will have a late
transition state, be product-like and therefore planar
with 1,2 interactions dominating, leading to a trans-
OPA and the E-alkene, Fig. 1(b). Semi-stabilized ylides
are proposed to be more like unstabilized ylides but
there is insufficient data to be sure.3b Note that, since
the reaction of the ylide is nucleophilic in nature,
electron-withdrawing substituents on the aldehyde
should speed up the reaction, whereas on the salt they
should slow down the reaction.7

Table 1. Results of the Wittig reactiona between ortho-substituted benzyltriphenylphosphonium bromides 2 and substituted
benzaldehydes 3 to give Z- and E-substituted stilbenes 1,b according to Scheme 1

Z:EAldZ:EAldSalt EntryEntry SaltEntrySalt Ald Z:E

2-BrH1977:232-ClH1070:302-FH1 85:15
23:77H 202-Cl1126:74H2-F2 2-Br H 50:50

95:52-Br3 2-F 2-F 90:10 2-Br12 2-Cl 2-Cl 87:13 21

22 2-F4 2-Br2,6-F 95:5H 14:86 13 2,6-Cl H 1:99
2,6-Cl 5:95 23 2-Br 2-F 95:52,6-F 9:915 14H H
2,6-Cl 25:752,6-F 23:776 152-F 2-Cl

90:102-Cl2-Me2440:602-Cl7 2,6-Cl1625:752-F2,6-F
25 2-Cl 2-Me 70:30

40:60HH8 57:432-MeH261:992,6-Cl2,6-Cl17
H 67:33H2-Me2795:52-ClHH 18b9b 61:39

a Experimental procedure in Ref. 12.
b Unspecified substituents are H. The substituted benzylidenetriphenylphosphonium chloride was used.
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Figure 1. (a) The puckered transition state leading to cis-
OPA; (b) The planar transition state to trans-OPA adapted
from Ref. 2a.

ering in turn stabilizes the cis-OPA (Fig. 2a) by
reducing the unfavorable 1,2-interactions. More
importantly, the trans-OPA is destabilized by an
unfavorable 2,3-interaction (Fig. 2b). Placement of an
ortho-halo substituent on the salt is expected to slow
the reaction, due to its electronic effect,7 giving more
E-alkene as observed. A halogen bonding interaction
to phosphorus is possible but the bonding distance is
rather long.

There are three scenarios for placement of two ortho-
substituents. (1) One each on salt and aldehyde: the
unfavorable 1,2-interaction in the halogen-bonded cis-
OPA (Fig. 2a) is increased a little but there is addi-
tional steric crowding in the already crowded
trans-OPA (Fig. 2b), thereby enhancing Z-selectivity.
Thus, we are proposing a steric effect of the ortho-
halo substituent on the salt which co-operates with
the through space electronic effect of the ortho-sub-
stituent on the aldehyde. (2) Both on aldehyde: this
has the same small detrimental effect on the cis-OPA
(Fig. 2a) but almost no effect on the trans-OPA,
which leads to higher E-selectivity. It is this latter
result, which leads us to propose the operation of
halogen bonding in the OPA because it cannot be
explained on the basis of chelation in the initial �-
complex. (3) Both on the salt: this simply reinforces
the expected E-selectivity.

To explore these ideas a little, we placed a methyl
group as second ortho-substituent on the salt. We
expected that its steric bulk would enhance Z-selectiv-
ity by making the trans-OPA even more crowded.
This was not a perfect test because the methyl group
itself is somewhat Z-selective (entries 8/26/27), but it
did indeed give the same effect as chloro (compare
entries 12/24). Interestingly switching the methyl and
chloro groups still produced a co-operative effect at a
lower level (compare entries 24/25). This may be
related to the possibility of weak halogen bonding
from the ortho-position on the salt.

We have shown that there are consistent effects of
multiple ortho-halo substituents on the Wittig reac-
tion to produce stilbenes. They can be rationalized
within the mechanistic framework of the reaction
developed by Vedejs and co-workers.3a It is now pos-
sible to predict which combination of substituents will
be synthetically useful in most cases. Taken together
with the known2c Z-selectivity of the chloride counte-
rion (entries 8/9, 10/18), either E- or Z-isomer can be
predictably synthesized in good yield in certain
defined cases as shown in Chart 1.
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Enhanced Z-selectivity requires that a greater amount
of cis-OPA be produced. This could be achieved by:
(a) factor(s) which render the cis-OPA the lower
energy form; (b) factor(s) which stabilize the TS lead-
ing to cis-OPA or destabilize that to the trans ; (c)
factor(s) which further encourage an early TS. We
propose that the ortho-effects operate on the OPAs
themselves (point a). We utilize the proposal of
Yamataka et al.7 that an ortho halo substituent on
the aldehyde is capable of bonding to phosphorus.
However we propose that this effect simply operates
to give a more (or less) stable cis-OPA, rather than
in the initial �-complex between carbonyl oxygen and
phosphorus as they proposed. There will also be elec-
tronic effects of halo-substitution on the rate of reac-
tion.20

A halo-substituent on the aldehyde (i) speeds up
reaction7 thereby encouraging an earlier TS and (ii) if
at the ortho-position, can bond to phosphorus,21

thereby stabilizing the OPAs. Of the four possible
OPAs, cis- and trans- with and without halogen
bonding, we assume that the halogen-bonded forms
(Fig. 2) are of lower energy. Examination of molecu-
lar models leads us to believe that the cis-OPA with
halogen bonding is actually less crowded than the
corresponding trans-OPA. The new bonding interac-
tion is facilitated by puckering of the four-membered
ring to enable a closer approach of the ortho-sub-
stituent to the now octahedral phosphorus. The puck-

Figure 2. Bonding of an o-chloro substituent to phosphorus
in (a) the cis-OPA and (b) the trans-OPA.
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Chart 1. Approximate selectivities in the Wittig reaction to give ortho-halo substituted stilbenes: moderate: 70–85; high: 85–95;
very high: 95–99%
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