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The Wittig reaction is one of the most important processes
in organic chemistry for the synthesis of ole�nic compounds.
In view of the increasingly acknowledged potentiality of the
electric �elds in promoting reactions, here we will consider
the e�ect of the oriented external electric �eld (OEEF) on
the second step of Wittig reaction (i.e. the ring open-
ing oxaphosphetane) in a model system for non-stabilized
ylides. In particular, we have determined the optimal di-
rection and strength of the electric �eld that should be ap-
plied to annihilate the reaction barrier of the ring opening
through the polarizable molecular electric dipole (PMED)
model that we have recently developed. We conclude that
the application of the optimal external electric �eld for the
oxaphosphetane ring opening favours a Bestmann-like mech-
anism.
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Introduction

The Wittig reaction is undoubtedly one of the most widely
used methods in the synthesis of alkenes [1]. It is also very
important in the pharmaceutical industry, where it has been
employed as a tool in the asymmetric synthesis of natural
products (e.g. vitamin A) and di�erent types of drugs. [2�4]

The Wittig reaction occurs between a carbonyl compound
(aldehyde or ketone in general) and a phosphonium ylide to
furnish a phosphine oxide and an alkene with a high level of
stereocontrol [5]. The presence of salts (especially, lithium
salts) and the nature of the solvent, among other experi-
mental variables, are known to play an important role in
the selectivity of the reaction. Many e�orts, using both ex-
perimental [6�12] and computational approaches [12�29], have
been devoted to elucidating the mechanism of the Wittig
reaction. The currently accepted mechanism entails a for-
mal [2 + 2] cycloaddition that leads to an oxaphosphetane
(OP), followed by pseudorotation at phosphorus, and, �-
nally, a ring-opening of the cyclic intermediate, resulting in
the generation of the ole�n and phosphine oxide. A general
description of th Wittig reation is shown in Figure 1.
In general, the formation of the OP is almost irreversible,

and as such, it commonly governs the E/Z selectivity of the
ole�n [5]. Experimental evidence regarding the involvement
of OP in the Wittig process is primarily derived from NMR
spectroscopy at low temperatures [30�33] in cases where the
ylides are non- or semi- stabilized (R3PCHR' where R' =
akyl for non-stabilized and R' = aryl for semi-stabilized). In
a few cases, OPs have even been isolated and structurally
characterized by means of X-ray di�raction techniques [34].
In the case of stabilized ylides (R' = CO2R�), the corre-
sponding OPs have not yet been observed [11] due to the
fast rate at which they furnish the alkene and phosphine
oxide. Regarding betaine intermediates, many experimen-
tal works have shown that these species are never formed
under salt-free conditions [5,11,35].
The demonstration that oriented external electric �elds

(OEEFs) can enhance the rate of a Diels-Alder reaction in
a landmark scanning tunneling microscopy break-junction
(STM-BJ) experiment at the single-molecule level [36] sparked
a renewed interest in the use of oriented external electric
�elds (OEEFs) as a tool to promote and control chemi-
cal reactivity [37�40]. Indeed, subsequent STM-BJ experi-
ments have shown that OEEFs can accelerate other reac-
tions [41�47], and alternative experimental techniques with
greater potential for scalability in utilizing OEEFs have been
reported [48�54]. Concurrently with experimental endeav-
ours, signi�cant attention has been devoted to predicting
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Figure 1. The Wittig reaction. A phosphonium ylide (1) and a carbonyl compound (2) react either as [2 + 2] cycloaddition or as a
nucleophilic attac to form a stable oxaphosphetane (OP) intermediate (3a and 3b) that can exhibit an interconversion equilibrium with
the corresponding betaine forms (4a and 4b). In a subsequent step, the OP evolves to the �nal phosphine oxide (5) and an alkene (6) by
ring opening, which is usually the limiting step of the mechanism. The Z/E stereochemistry of the alkene product of the Wittig reaction is
strongly dependent on the stereochemistry of the reactants and the reaction conditions but usually proceeds with very high stereoselectivity.

and understanding the e�ects of OEEFs in reactivity by
means of computational studies [55�76]. Remarkably, some
of the pioneering computational works were reported much
prior to the �rst experimental evidence of the impact of
OEEFs in reactivity [77�81]. Here, we present a computa-
tional study aimed at exploring the most e�cient way of pro-
moting a Wittig reaction through the utilization of OEEFs.
Speci�cally, we will determine the optimal orientation or
direction in which an OEEF should be applied to remove
the reaction barrier of the ring-opening step of the Wittig
reaction with the smallest possible �eld strength.
The investigation of the most e�cient way of harness-

ing OEEFs to promote the Wittig reaction will be carried
out using the simplest model reaction, namely: CH2O +
CH2PMe3 → C2H4 +Me3PO. This model reaction is shown
in Figure 2. As the ylide of this simpli�ed reaction is of the
non-stabilized type, the OP ring-opening is expected to be
the rate-determining step of the overall Wittig reaction. As
such, we will exclusively focus on this step of the process.
Despite the relevance of the stereoselectivity in the Wit-

tig reaction, the simplicity of the ylide of our model system
precludes any investigation of the e�ects of an OEEF on
the stereoselectivity of the reaction, which is left for further
studies. The study of the formation of the betaine interme-
diate from the heterolytic cleavage of the P-O bond is also
out of the scope of the present article because this zwitte-
rionic species has been shown to lie quite above in energy
with respect to OP in THF [82]. The investigation of the
impact of the OEEF on the relative energy of the betaine is
also left for future studies.
The optimal orientation in which an OEEF should be

applied to trigger a barrierless OP ring opening will be de-
termined using the so-called polarizable molecular electric
dipole (PMED) model, which we have recently reported. [83]

In this model, which is based on Optimal Control and Catas-
trophe theories, the optimal OEEF (oOEEF) is de�ned as
the electric �eld over a possible set of �elds with the small-
est possible strength to render a given chemical transfor-
mation into a barrierless process. Accordingly, the PMED
model provides the optimal �eld in strength and direction
to annihilate a given chemical barrier by considering the

contributions of both the inherent dipole and �eld-induced
dipole (arising from the electric polarizability) of the molec-
ular system.

Figure 2. The simpli�ed model of the Wittig reaction studied in this
work. The structure of the OP intermediate is crucial to control the
stereochemistry of the resulting alkene and the ring opening is the
limiting step of the Wittig reaction. Notice that in this model the
absence of stereocenters in the reactants results in an OP structure
with Cs symmetry leading to an alkene without Z/E stereochemistry.

This article is structured as follows. In the Methodology
section, we will summarize the main features of the PMED
model and will provide details of the electronic structure
calculations that have been carried out. In the Results Sec-
tion, we will �rst discuss the most important aspects of the
ring-opening of the OP at zero �eld and we will then focus
on the determination of the oOEEF for this reaction, paying
special attention to the role of symmetry.
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Methodology

The PMED model considers that the e�ect of an OEEF on
a given reaction can be described by the following perturbed
potential energy surface (PES):

Ven(x, E) = V (x) + Pen(x, E)

= V (x)− EeTn{d(x) + 1/2A(x)Een} ,
(1)

where V (x) is the original or unperturbed PES of molec-
ular system, d(x) and A(x) are the inherent dipole and
polarizability of the molecular system, respectively, E is the
strength of the electric �eld acting on the system and en is
the direction of the �eld.
The optimal bond breaking point or optimal barrier break-

down point (oBBP) is one of the key concepts of the PMED
model. The oBBP of a given reaction is a special point of
the PES that lies somewhere in between the reactant con-
�guration and the transition state (TS) con�guration. As
shown in References 84 and 85, this point satis�es the fol-
lowing condition:

H(x)g(x)|x=xoBBP = 0 g(x)|x=xoBBP ̸= 0 , (2)

where H(xoBBP ) is the Hessian of the original PES at the
oBBP and g(xoBBP ) is the gradient of the original PES at
the oBBP. The point along the intrinsic reaction coordinate
(IRC) curve joining the reactant and TS con�gurations is
commonly a good starting point for the location of the oBBP
using the algorithms presented in Refs. 86 and 87. After
the location of the oBBP, the oOEEF can be determined
by imposing the two following conditions: i) the Hessian
matrix of the perturbed PES must be equal to the Hessian
matrix of the original PES at the oBBP; ii) the gradient
is an eigenvector of the Hessian matrix of the perturbed
PES. After determination of the oOEEF at the oBBP, the
force displacement stationary point (FDSP) path is com-
puted from the oBBP forward and backward in the direction
of g(xoBBP), since the unperturbed gradient at the oBBP
coincides with the tangent of the FDSP curve at this point.
The FDSP path is obtained by integration of the following
equation [83]

Hen(x, E)

(
dx

dt

)
= ren(x, E)

(
dE

dt

)
(3)

where, dx/dt, is the tangent of the path, dE/dt, accounts
the change of the �eld strength through the path and ren(x, E)
is the derivative of the perturbed PES with respect to x and
the �eld strength E. We recall that at the oBBP, dE/dt = 0,
and, (dx/dt)|x=xoBBP = g(xoBBP ).
The gas-phase PES of the associated with theWittig reac-

tion between CH2O + CH2PMe3, together with the electric
dipole moments and polarizabilities, were calculated using
the B3LYP functional [88�91] and the 6-31G* basis set [92],
as implemented in the ORCA code (version 5.0.3) [93�98].
Grimme's D3BJ dispersion correction [99,100] was employed
in all calculations. The oBBP and oOEEF were obtained
using MANULS [101], an open-source Python code where
the PMED algorithm described in [83] is implemented. The
MANULS code is available in
https://github.com/MSeveri96/MANULS [101]. The �rst and
second derivatives of the energy, dipole, and polarizability
with respect to the subset of internal coordinates chosen to
explore the reaction (see below) were calculated numerically
in the MANULS code with a central di�erences approach.

Results

We will �rst set the stage by analyzing the main features
of the Wittig reaction between CH2O + CH2PMe3 at zero
�eld. The relevant structures corresponding to the station-
ary points of the PES are shown in Figure 3. As mentioned
in the Introduction, we will focus exclusively on the ring-
opening of OP because this is the rate-determining step of
the Wittig process when dealing with non-stabilized ylides.
In the computational study of Harvey and coworkers (Ref.
20), the barrier for the OP formation is was reported to
be lower than 1 kcal mol−1 (at the B3LYP/6-31G* level),
which means that this reaction readily takes place without
any need of promoting it. In the most stable conformation of
the OP intermediate (see OP conformation 1 in Figure 3a),
the coordination geometry around phosphorous is a trigonal
bipyramid, and the oxygen coming from the aldehyde is in
the apical position. Yet, as shown in Ref. 20, this is not
the conformation that undergoes ring opening. The confor-
mation that leads to the �nal product via ring opening has
an ylidic carbon in the apical position. In this conforma-
tion (see OP conformation 2 in Figure 3b), which lies less
than 2.0 kcal mol−1 above than conformation 1, the four
atoms of the ring lie in the same plane. In fact, the opti-
mized structure of conformation 2 is very close to being a
Cs geometry.
The transition state (TS) structure (see Figure 3c) that

connects the conformation 2 of OP with the �nal products
possesses a Cs symmetry too. As previously shown in Ref.
20, the reaction proceeds via an asynchronous TS, in which
the P�C bond is almost broken but the C�O bond is still
quite short. Given that both the reactant and TS con�gu-
rations have Cs symmetry, the oBBP con�guration of the
reaction is expected to display Cs symmetry too.
As explained in the previous section, the determination of

the oOEEF for a given reaction requires the location of the
corresponding oBBP. The location of the oBBP and the sub-
sequent determination of the oOEEF are expensive calcula-
tions when working in the full dimensional space. For this
reason, we have opted for working on the two-dimensional
subspace de�ned by P�C1 and C2�O (see Figure 3a for C
labels) bond distances, which are the two internal coordi-
nates that undergo a largest change upon ring opening of
OP. The original PES of the reaction in this subspace is dis-
played in Figure 4. This plot was obtained by scanning the
P�C1 bond from 1.9 to 3.5 Å and the C2�O bond from 1.4
to 2.7 Å with a step of 0.1 Å.
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(a) OP conformation 1 (b) OP conformation 2 (c) Transition state

Figure 3. Panels a)-b) correspond to a stereochemical formula of the two minimal conformations on the PES of oxaphosphetane (OP),
panel c) corresponds to a stereochemical formula of the transition state. Panel a) also shows the numbering of the carbon atoms used in
this work.

(a)

(b)

Figure 4. Two- and three-dimensional plots of the original or un-
perturbed PES in the subspace characterized by the C-P and C-O
bond distances. The bond distances are given in Å. The set of black
dots are points of the IRC curve. The red dot indicates the position
of the optimal BBP (oBBP). The energy is relative to the minimum
of the PES. The energy is given in kcal/mol.

The minimum reactant structure associated with confor-
mation 2 of OP (see Figure 4) is located at the bottom-left
region of the 2D plot. The TS is located along the diagonal
of the 2D plot, at longer P�C1 and C2�O bond distances.
The curve depicted by black points marks the intrinsic re-
action coordinate (IRC) path joining the OP reactant and
the Wittig products.
The location of the oBBP was carried out using a �ner mesh
of the 2D PES in the region of interest. Speci�cally, the re-
gion that was scanned spans values from 1.95 to 2.5 Å for

the P�C1 bond and values from 1.45 to 1.80 Å for the C2�O
bond with a step of 0.025 Å. The initial con�guration for the
location of the oBBP in this �ner mesh was the IRC point
with the highest value of gradient norm. The oBBP con�g-
uration is marked with a red point in the Figures 4a and 4b.
The molecular structure of the oBBP, as shown in Figure
5, is much closer to the reactant, OP, than the TS. In fact,
the C2�O distance at the oBBP (1.475Å) remains almost
unchanged with respect to OP, whereas the P�C1 bond is
signi�cantly larger (2.275 Å). Remarkably, the structure of
the oBBP hints at a Bestmann-type mechanism [102]. We re-
call that in the Bestmann mechanism, the P�C1 bond breaks
in the �rst stage of the ring opening of the OP, thereby lead-
ing to a zwitterionic-like structure in which the C2�O bond
remains almost unchanged. This structure then transforms
into the �nal products of the Wittig reaction through the
cleavage of the C2�O bond.

Figure 5. Representation of the molecular geometry in the oOBBP.
The purple arrow shows the direction of the oOEEF. The cyan arrow
shows the direction of the molecular dipole moment vector.

As explained in the Methodology section, the oBBP con-
�guration permits to derive the oOEEF. According to our
calculations, the normalized direction of the oOEEF for the
OP ring opening is, en = (−0.958, −0.222, −0.184), and its
amplitude, E, is, 0.0798 a.u. = 4.10 V/Å. The orientation
of the optimal �eld as well as the orientation of the inherent
dipole at the oBBP are depicted in Figure 5. The vector of
the �eld lies in the plane containing the P�O�C2�C1 atoms.
The angles formed between the oOEEF vector and the O�
P and C2�O bonds are 49◦ and 115◦, respectively. It is
worth noting that if we had done the calculations without
taking into account the polarizability tensor (i.e., ignoring
the term with A(x) in Eq. (1)), the normalized direction of
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the oOEEF would have been, en = (−0.963,−0.202,−0.179),
with an amplitude of 4.80 V/Å. It thus follows that polar-
izability does not change the direction of the oOEEF, but
results in a signi�cant decrease of the �eld strength required
to make the ring opening barrierless.

(a)

(b)

Figure 6. Two- and three-dimensional plots of perturbed PES. The
red dot is the oBBP. The energy is relative to the minimum of the
unperturbed PES.

The perturbed PES, see Eq. (1), resulting from the appli-
cation of the oOEEF to the unperturbed system is displayed
in Figure 6. This perturbed PES con�rms that the oOEEF
�attens the region around the oBBP specially along the P�
C1 bond until this bond is completely broken. At this point
the cleavage of the C2�O bond starts and the system evolves
toward the Wittig region products. This evolution under the
in�uence of the external electric �eld is reminiscent of the
Bestmann mechanism [102]. Therefore, our results not only
show that an electric �eld can promote the ring opening
of oxophosphetanes, but also that the �eld can change the
underlying reaction mechanism.

Conclusions

We have determined the optimal direction in which an ex-
ternal electric �eld should be applied to enhance the ring
opening of oxaphosphetane in a model system of the Wit-
tig reaction for non-stabilized ylides by means of PMED
model that we have recently developed [83]. An optimal elec-
tric �eld lying on the plane containing the 4 atoms of the
oxaphosphetane ring and forming an angle around 45◦ with
respect to the O�P bond, with a strength slightly larger than

4 V/Å, renders the ring opening an almost barrierless pro-
cess. Admittedly, this �eld strength is larger than the �eld
strengths that can be generated with currently available se-
tups, which can go up to 2 V/Å [103] when using scanning
tunneling microscopes. Nevertheless, if the �eld is applied
following the predicted direction the activation energy will
decrease in the most e�cient way.
A comparison between the non-perturbed and perturbed

energy surfaces for the ring opening of the oxaphosphetane
reveals the external electric �eld has an important impact
in the reaction mechanism. At zero �eld, i.e. non-perturbed
PES, the reaction proceeds through a one-step non syn-
chronous process, where the P�C bond is more elongated
than the O�C bond. In the presence of the optimal elec-
tric �eld, instead, the degree of non-synchronicity is much
higher because the P�C bond breaks prior to cleavage of
O�C bond. Accordingly, the optimal electric �eld favours a
Bestmann-like mechanism [102] for the oxaphosphetane ring
opening.
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The perturbed potential energy
surface of the oxaphosphetane
ring opening due to the opti-
mal electric �eld demonstrates
that the process occurs by �rst
breaking the P�C bond and then
breaking the O�C bond.
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