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Influence of an Oriented External Electric Field on the Mechanism of Double Proton-
Transfer between Pyrazole and Guanidine: from an Asynchronous Plateau Transition

State to a Synchronous or Stepwise Mechanism

Antoine Geoffroy-Neveux, Vanessa Labet, and M. Esmail Alikhani*

MONARIS UMR 8233 CNRS, Sorbonne Université, 4 place Jussieu, 75252 Paris Cedex 05, France

Abstract

The double proton transfer (DPT) reaction between pyrazole and guanidine, a concerted reaction but
strongly asynchronous and presenting a “plateau transition region”, has been theoretically
reinvestigated in the presence of an external uniform electric field. First, we computed the reaction
path by DFT and proposed a very detailed description of the constitutive electronic events, based on
the ELF topology and the bond evolution theory. Then, we studied the effect of an oriented external
electric field (OEEF) on the reaction mechanism, for an OEEF oriented along the proton transfer axis. We
observe that in one direction, the DPT reaction can be transformed into a stepwise reaction, going through a
stabilized single proton transferred intermediate. Contrarily, the two proton transfers occur simultaneously
when the electric field is applied in the opposite direction. In the latter case, the order in which the two
protons are transferred in the same elementary step can even be reversed if the OEEF is intense enough.
Finally, it has been shown that the evolution of the double proton transfer reaction in the presence of an
electric field could be quantitatively anticipated by analysing the ELF value at the bifurcation point between
V(A, H) proton donor and V(B) proton acceptor of the double hydrogen bonded complex in the

entrance channel.
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Introduction

The effect of an electric field on molecular structure and chemical reactivity has long been known.
At a very fundamental level, electric fields have been used in numerical experiments to model
environmental effects (solid state, solution)'= or specific experimental conditions (e.g. STM ©) and
thus better understand their influence on molecular structure as well as on other observables
measured by various experimental techniques (e.g. NMR”#, vibrational spectroscopy®'"). Thanks to
these studies, the effect of an electric field on covalent!? and non-covalent 313-1¢ bonds has been
largely elucidated. Hydrogen bonded complexes”!7-2% and proton transfer reactions*2!-23 in particular
have been widely investigated, due to their widespread occurrence in chemistry and biology. Thus, it
could for example be evidenced that an external electric field can drive proton transfer between two

partners in cases for which the reaction does not occur in the gas phase.?’

Besides, in a more applied domain, it is now well established that electrostatic interactions play a
major role in enzyme catalysis.>* And since its original formulation by Warshel some time ago,>
tremendous work has been performed to take advantage of the enzyme active site preorganization
idea, combining the development of experimental techniques,”®2® complemented with numerical
experiments,” to measure and analyse electric fields inside enzyme active sites and the use of

computational modelling to design optimal electric fields and synthetic enzymes.30 32

However, it was not until quite recently, with the experiment by Aragonés et al.,’? that oriented
external electric fields (OEEF) were actually considered as “smart reagents”,’* i.e. as viable means
to catalyse a chemical reaction on purpose in non-biological systems.’**> Since then, the
development of experimental devices that harness electric field induced catalysis has been a major

objective.36-38

Some years ago, Shaik initiated rationalisation of the OEEF effect on chemical reactivity,’** using
the valence-bond (VB) diagram model of chemical reactivity.*!*?> This work was pursued more
intensively 448 after the experiment of Aragonés et al.,’* leading to the formulation of the so-called
"reaction-axis rule”.3* This rule states that if an OEEF is applied along the direction in which
electrons are transferred during a chemical reaction (reaction-axis) then the reaction can be catalysed
or inhibited by the field depending on its orientation. Furthermore, when 2 products can be formed,
the application of an electric field along the reaction axis® or another direction*® can also modify the

reaction selectivity. It requires that this direction leads to very different dipole moment variations
2
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between the reactive complex and the transition state depending on which of both approach

geometries leading to the products is considered.

Let us go back to the reaction-axis rule. The origin of this phenomenon lies in the greater
polarizability of transition states (TS) with respect to that of reactants and/or products. In the VB
framework, it implies that in the TS structure, there is a greater contribution of ionic and/or charge
transfer (CT) structures (stronger mixing with covalent structures) than in the reactant and product.
These ionic / CT structures are characterised by a dipole moment oriented according to the electronic
transfer taking place during the reaction (reaction axis). Under the effect of an electric field, these
ionic / CT structures are all the more stabilised / destabilised as the corresponding dipole moments
are oriented according to the electric field (stabilisation in one direction / destabilisation in the other
one).?423:283043.44 At gufficiently high field strengths, this can even lead to such a strong stabilisation
that a zwitterionic reaction intermediate appears along the reaction coordinate.*® It is therefore
theoretically possible to switch from a concerted mechanism to a stepwise reaction under the effect
of an electric field. This is of course reflected in a change in the height of the reaction activation
barrier, but also and above all in a change in the reaction coordinate. Indeed, we go from a reaction
for which several processes occur simultaneously (concerted mechanism) to a reaction for which
these same processes occur successively (stepwise mechanism). It is precisely this mechanistic
crossover that we wish to examine in greater detail in this study. Indeed, switching from a concerted
mechanism to a stepwise reaction or vice versa has a potential effect on the stereoselectivity of a

reaction, which can be particularly interesting in synthetic chemistry.

To explore this idea, we chose double intermolecular proton transfer (DPT) as a model reaction.
Indeed, most of these reactions can be seen as the motion of two positively charged particles in
opposite directions. Therefore, an OEEF oriented along the transfer direction is likely to have
opposite effects on each of both proton transfers, one being facilitated, the other inhibited. More
precisely, some years ago, exploring again an observation made by Politzer ef al. on a ring opening
reaction,*? Rauhut et al.>! identified a peculiar class of DPT reactions exhibiting unusual potential
energy profiles along the reaction coordinate, very flat in the transition state region. These were

called “plateau reactions™ and the reason for the plateau was attributed t






































































































