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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.

* Corresponding author : esmail.alikhani@sorbonne-universite.fr
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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 to the fact that these reactions
were at the transition between concerted and stepwise mechanisms. To gain insight on the physical
meaning of such plateaus on the potential energy surface, Rauhut et al. extensively studied these
DPT reactions®?* in static studies by various computational methods, some of them taking account

for quantum effects (ZPE correction, proton tunnelling).3? The plateau was shown to be sensitive to
3
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the computational methodology used; nonetheless, its persistence in some of the cases investigated
suggests plateau reactions constitute a distinguish class of reactions, what was confirmed by quantum
dynamic studies.>~% Recently, in a theoretical investigation of the Watson—Crick Guanine—Cytosine
base pair °7 Arabi and Matta showed that the single imaginary vibrational frequency characterizing
the transition state decreases in absolute value from 1316.8i to 612.9; cm’!, when the external field
strength increases from zero to 51.40 MV.cm™!. They also found that the variation of the imaginary
vibrational frequency is accompanied by a flattening of the potential energy profile around the TS
structure. Therefore we believe that these plateau reactions are very likely to convert into true

concerted or true stepwise reactions under the action of an OEEF.

In this work we chose to focus on the plateau DPT reaction between pyrazole and guanidine that can

be schematized in Chart 1:

H H
CHeNC H—N
N \ N-
</;{1~\ »NH, <—> </;ll\l\ »—NH,
“~-H-N, H------N
H H

Chart 1 Formal representation of the double proton transfer reaction in the pyrazole-guanidine system.

Our first objective will be to study the effect of an OEEF on this plateau reaction. Therefore, the
reaction mechanism will be explored under the influence of an OEEF oriented along the hydrogen
bonds, in both directions. To analyse the OEEF effect on the electronic events, we will follow in
details bond breaking / formation making use of the Electron Localization Function topology, in the
framework of the Bond Evolution Theory (BET). Note that though we are aware of the fact that
solvent can have an influence on the shape of the potential energy surface of DPT reactions,
transforming a transition state into a reaction intermediate,>® this explanatory work will be carry out
in the gas phase. Pursuing the idea to use OEEF as smart reagents, we will also examine to what
extent our topological analysis can provide a quantitative index to predict the effect of an OEEF on

the synchronicity of a DPT reaction.

Computational and theoretical details

All first principle calculations were performed using the Gaussian 09 quantum chemical package.>
Optimizations of the stationary points on the potential energy surface were obtained using the

®B97X-D exchange-correlation functional®®! which accounts for dispersion energy and long-range
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interaction. The Pople’s triple-C quality basis set extended with polarization and diffuse functions, 6-

311++G(2d,2p),5>%% has been used for all atoms.

Calculation of reaction path was performed by following the intrinsic-reaction-coordinate (IRC)%
labeled as & and expressed in mass-weighted Cartesian coordinates which links the transition state
(characterized by a single imaginary frequency and labeled as TS) to the reactant (R) and product
(P). We note that in this work R and P stand for hydrogen-bonded complexes formed between two

molecular moieties in the entrance and exit channels of reaction, respectively.

All IRC calculations have been performed using local quadratic approximation (LQA) algorithm,%>-6¢
force constants computed only at the first point (CalcFC), and a step-size equal to 4 (StepSize = 4)

in units of 0.01 amu'/2-Bohr.

For a reaction process, the negative gradient of the potential energy V(&) corresponds to the reaction
force F(§). For a simple elementary step, the reaction force profile goes through a minimum in the
activation region (&) and a maximum in the relaxation one (&y.x), which leads to a natural
partitioning of the reaction path into three regions: the R region (& < &Euin), the TS region (Emin < & <
Emax) and the P region (& > &.x).6772

To describe the DPT reaction from an orbital point of view, we used Natural Bond Orbital (NBO)
analysis’>~7> which describes the stabilization of 3c-4e hydrogen-bonding as a consequence of
“donor-acceptor” interaction between a localized Lewis-type “donor” orbital (the lone-pairs np of the
Lewis base) and a non-Lewis-type “acceptor” orbital (the hydride anti-bonding 6*(AH) of the Lewis
acid), for a A-H---B complex. The H-bond strength (or donor-acceptor delocalization energy) is

easily estimated by second order perturbation within NBO software.”®

In order to analyse the chemical bond evolution along the reaction path, we used the electron
localization function (ELF).”” Indeed, the ELF topology’® provides a partitioning of the molecular
space into chemically representative regions (basins of attractors) 787° corresponding to the chemical
object in the framework of the Lewis valence theory 8035 and also in the Valence Shell Electron Pair
Repulsion (VSEPR ) approach.®-° During the last three decades, the ELF topology has been used to
characterize various types of chemical bonds??#791.92 and reaction mechanisms.®*** Particularly, this
method was successfully applied to study different hydrogen-bonded complexes in the gas
phase 81829599 Within the ELF framework, the core-valence bifurcation (CVB) index is proposed to

distinguish strength of various kind of hydrogen bonds.!® For a hydrogen bond (H-bond) complex

5
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(usually noted as A-H:--B, where A = proton donor, H = hydrogen, B = proton acceptor), this index is
expressed as: CVB = 1n¢ — Nw. Ney corresponds to the ELF bifurcation value between ELF core
domain and valence domain, while the .- stands for the ELF value at bifurcation point between
V(A,H) and V(B). The last point is indeed a second order critical point (3,-1) linking the V(A, H)

proton-donor domain to the V(B) proton-acceptor one.8!%

The partition of the molecular space in terms of non-overlapping space-filling domains has been
performed using the TopMod package.'”! We used the Multiwfn package!®>19 to evaluate both
CVB and n,,> quantities. As shown recently by Silvi et al.,”® the 1, quantity enables us to estimate
the variance of the V(A-H) domain population. Consequently, we use now the n,, quantity as a

delocalization index.

The Bond-Evolution-Theory (BET)%%6.194-112 phased on the ELF topology of reorganization of
covalent bonds and lone pairs along the reaction path allows us to identify and describe most of the
electronic events (such as bond breaking/forming and electronic density redistribution) which occur

in the different regions delimited by the reaction force F(&).

Results and discussions

I. The DPT reaction without external electric field

a. On the nature of IRC at the TS plateau

We re-investigate here the energy profile of the pyrazole—guanidine reaction (Figure 1, left), already
discussed by Rauhut et al.’! It is worth noting that as the reactant and the product are identical, the
profile is symmetric with respect to the transition state. The reaction force profile F(&) is also
displayed on Figure 1 (right). The extremum points of F(§) located at &=-1.48 and +1.48
amu'?-Bohr delimit the transition region.®”-’! Around the formal TS (where £{=0) extends the so-
called “plateau” over 1.5 amu'’?-Bohr the potential energy varies by less than 0.01 kcal/mol. Indeed,
the potential energy profile slightly varies with a small curvature at the plateau transition region (see
Figure S1-b which shows the first and second derivatives of the potential energy over the plateau). In
order to make the double proton transfer visual, we also illustrated some structures at remarkable
points on the energy profile (see Figure S1-a and Table S1) from which it appears that proton
transfer of pyrazole begins quite before that of guanidine, in agreement with the asynchronous

character of the concerted mechanism that the plateau suggests.
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Figure 1. Energetic (left) and reaction force (right) profiles of the DPT reaction within the pyrazole-guanidine system.

The formal TS characterized by one small imaginary frequency (61 cm™) is calculated to be 10.9
kcal/mol above the reactant. A visual checking of the atom displacement along the IRC path (Figure
S1 and Table S1) shows that two normal modes are almost implicated along the reaction path: a low
frequency asymmetric stretching mode of N---N heavy atoms observed almost on the plateau region,

and a high frequency asymmetric stretching mode of two H atoms engaged in the DPT reaction.

To gain useful chemical insight on the reaction coordinate, we carried out two additional analyses on
the IRC path: a principal component analysis (PCA) developed recently by Hare and coworker,!'!3

and a Born-Oppenheimer molecular dynamics (BOMD) as implemented in the Gaussian package.®

We used an open source Python package (PathReducer)''® to classify the principal components
along the IRC path. As shown in Figure 2, only two principal components are necessary to capture
97% of the total variance in the double-proton transfer IRC structures (see Figure S3). The most
significant principal component PC1 describes the asymmetric stretching mode of two H atoms
engaged in the DPT reaction, while the second principal component represents the symmetric motion
of two partners (see Figure S4 and Table S3). A close look to the reduced dimensional projection
enables us to identifies five distinct structures: A and E stand for the reactant and product structures,
C for the formal TS structure, and B and D for two geometrical structures located at the minimum

and maximum of the reaction force.
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15.0 A

10.0 A

PC2

Figure 2. Projection of the double-proton transfer IRC structures in the two (reduced) dimensional space PC1 and PC2.

In order to gain a deeper insight over the B-C-D region, a new principal component analysis was
performed, indicating clearly that only one PC is sufficient to describe all the structures in this
region. This latter component, labeled as PC1 (TS-region), corresponds indeed to the asymmetric

motion of N---N heavy atoms (see Figure S5 and Table S4).

In order to check the reliability of our static energetic profile (TS and IRC), the DPT reaction has
been investigated also by dynamics (BOMD) quasiclassical trajectories (QCT) simulations. All
QCTs were propagated up with a sufficient number of steps to obtain propagation times in the range
of 51 to 53 fs.

H

/ N1
| N NH2
~=N4. .__ .
TS Hb—N3
H

V NI—Ha=r1 A N2—Ha=r2 % NI—N2=RI
A N3—Hp=1r3 ¥ N4—Hpb=r4 § N3—N4=R2
Scheme 1: Atom and bond-length labeling within pyrazole—guanidine system.
Figure 3 shows the contour plots of the PES for the rl and r3 coordinates (see Scheme 1 for the
coordinate definition). Over twelve investigated reaction trajectories, starting from the formal TS
structure, only eight reached the final structures: four in the reverse direction and four in the forward
one. All contour plots are relative to the reactant energy (0.0 kcal mol!). As the path reaction profile

is perfectly symmetric, so we gathered all eight trajectories in the forward direction.
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25 Figure 3. Relaxed potential energy curves (kcal/mol) as a function of the r1 and r3 coordinates (A) for the pyrazole-guanidine
DPT reaction. Relaxed scan were computed varying r1 and r3 coordinates in 0.05 A steps. The black solid line corresponds to
the IRC where TS (1.56, 1.10), Reactant (1.04, 1.02) and Product (2.0, 1.85) are indicated by asterisk symbol. Eight converged
27 trajectories are also displayed.

29 A comparison between the static IRC and the reaction dynamics reveals the trajectories follow, on

31 the average, the static minimum energy path (see Figure S6).

b. Electronic aspects: the ELF valence basin evolution
35 To make the discussion clearer, let us assign labels to all the valence basins which are directly
37 involved in the double proton transfer reaction (see Scheme 2). We will use these labels throughout

the rest of this paper during the ELF topological analysis.

42 V,(N1)

Q VintHa)
: W
46 ___N4Q Va(N1) QN2

:; . V1(N30 J\
V(N4 T~
49 NH
V(N3,H i 2

50 b o

51 0 H

52 V(N3)

gi Scheme 2. Labeling of the most relevant valence basins during DPT reaction.

55

56

g; The key ELF topological properties (electronic populations and number) of valence basins evolving
59 within the DPT reaction over & € [-2.5, 0.0] segment are depicted in Figure 4. This interval of the
60

I
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activation part of the reaction covers a piece of the reactant region (§ € [-2.5, -1.5]) and the half of
the transition state region belonging to the activation part (§ € [-1.5, 0.0]). Due to the symmetry of
the reaction, evolution of valence basins during the relaxation part of the reaction can easily be
deduced from their evolution during the activation part, the role of H, and Hy, being reversed, as well

as that of N1 and N4 and that of N2 and N3.

= B | |
2 3] VTV A A—A—A—A—A—A—AA—A—A—A—A (a)
5 w |
2 5] —A—V(N1)
8 7 | i l —+—V(H)
£ 14 1.73 i Wandering dressed proton /727 3 -0.55 V(N1 ’Ha)
3 SV BRSO kol 1)/
m T T T v T T L T T '&J
} -2,0 -1_;_5 . -1,0 -0,5 0,0

s s s S S e !
£ 34 T oA —aa (b)
E h + | e V(Nz)plane
% 24 [~ Left half of plateau ~| —<+— V(H)
=1 N —A—V(N2,H)
z 1 A e 4 V(N2
g | f e p k=% % 1 7-0.55 (N2)yer
o T ' ; ; : ' : , T .

-2,0 -1,5 -1,0 -0,5 0,0 E.r

§3] o0-0-0-0-0-0:0-0-0-0-0-0-0-0-0-0-0 (c)
g ] | a—o—0—o—8—0—06—0—0—6—5_ ¢ \N3)
% 24 o—e—e=0—0—¢ | —0—V(N4)

] ‘ —&— V(N3,H
£ 14 129 | OO0 0—0—0—0—0—0—0 (N3H,)
2 N
m T T T T T T T T T d é

-2,0 -1,5 -1,0 -0,5 0,0

Figure 4. EIf basin populations and ELF basin shapes for some representative topological structures.
A close look at Figure 4 clearly reveals three distinct topological domains during which the first
proton transfer (H,) occurs.

e At the end of the first region, & = -1.73 amu!’2, Bohr (still in the reactant region as defined by
the reaction force profile), the V(N1, H,) protonated disynaptic basin on pyrazole, splits into
two distinct basins: a monosynaptic basin located on the N1 atom labeled as V(N1) serving as
lone-pair of nitrogen atom, and a detached hydrogen atom (labeled as H,) which should be
considered as a wandering “dressed proton”, because of its electronic population which
amounts to around 0.5 e (Figure 4-a). Such a “dressed proton” transfer has already been
identified and discussed in previous works in the case of single proton transfers.!0>!11

e Along the second region ranging from -1.73 to -0.55 amu!2.Bohr, the population of the
wandering proton reaches its minimum value (0.3 e at § = -1.23 amu'!/2.Bohr).

e The topological evolution of the “wandering proton” presents a fine structure within the third
region precisely at & = -0.5 amu!2.Bohr, slightly after the plateau starting point. The
population of V(H,) increases along & €[-1.23, -0.5] interval and merges with V(N2)pane

10
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basin in forming a new disynaptic basin, V(N2,H,). As shown in Figure 4-b the population of
V(N2,H,) amounts to around 3 e, over & €[-0.5, 0]. Simultaneously, the population of the
monosynaptic basin located on the N2 atom of guanidine, V(N2), decreases from 3 eto 1 e.
In other words, the protons are actually transferred at the edges of the plateau while at the
center of the plateau the reaction is dominated by a local reorganization of the lone-pairs of
the protonated N atoms of guanidine (see Figure S2-a, S2-b and Table S2 for detailed
information).
Concomitantly, as displayed in Figure 4-c the population of the monosynaptic basin (lone-pair)
V(N4) hardly changes, over the whole of § € [-2.5, 0.0] segment. However, the population of the two
valence basins V(N3) and V(N3,H,) show a small change of the order of 0.5 e. As a result, the
population of the monosynaptic basin (lone-pair) V(N3) decreases from 2 e to 1.2 e, while that of the
disynaptic protonated basin V(N3,H,) increases from 2 e to 2.8 e. This is the topological indication
of upcoming changes along the reaction path where & > 0. Accordingly, at the formal TS point (§ =
0) the pyrazole—guanidine system corresponds actually to a couple of ionic compounds: deprotonated

pyrazole (pyrazolate) in interaction with protonated guanidine (guanidinium).
II.  OEEF effects on the DPT reaction

In this section, we will analyze the effect of an OEEF on the principal features of the pyrazole—
guanidine DPT reaction. We will first present our investigations for negative OEEFs (F, <0), then
we will analyze the effects of positive OEEFs (F, >0). In Table 1 are gathered the modulus of electric

field in various units.

Gaussian au MV.em! V.m! (x10%)

20 0.002 10.28 1.03
40 0.004 20.56 2.06
60 0.006 30.84 3.08
80 0.008 41.12 4.11
100 0.010 51.40 5.14

Table 1. The modulus of the applied electric fields in different units.

In Scheme 3 is illustrated the convention for the OEEF orientation and polarity used in this work. Fz

represents the external electric field applied in the Z direction.

11
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Z axis
F,>0

v

S
>

© @
D- F,<0 O

Scheme 3. The polarity convention for the OEEF in Gaussian.

1) From concerted asynchronous to stepwise DPT reaction: F, in negative Z-direction

Equilibrium geometry and IRC analysis along the reaction pathway have been studied for the
pyrazole—guanidine complex using five negative values for F,: -20, -40, -60, -80, and -100 (x10*

au).

a. Energetic and geometrical aspects
As shown in Figure 5, application of a negative field radically transforms the reaction mechanism.
We observe the appearance of a reaction intermediate (RI) in the center of the plateau resulting from
a single proton transfer (H,) and whose stability increases as the electric field intensity increases. It is
accompanied by the appearance of a first transition state between reactant and reaction intermediate
on the left side of the initial plateau (F, = 0) and a second one between the reaction intermediate and
the product, on the right side. Due to the symmetry of the system, we only show a half part of the
energy profiles (see Figure S7). The barrier height decreases with increasing electric field strength:
it varies from 10.2 to 1.5 kcal.mol-! when F, goes from 0 to -100x10-* au. For this extreme electric
field strength, the RI is by 2.9 kcal.mol! more stable than the pyrazole—guanidine complex. In other
words, the concerted mechanism (F, = 0) definitely becomes a stepwise mechanism when F, < -
80x10* au. In particular, RI potentially becomes the only product of the pyrazole + guanidine

reaction observable in an experiment at F, = -100x10"* au.

12
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Figure 5. IRC profiles for various negative values of F,.

A summary of selected bond lengths is shown in Table 2 (please, see Scheme 1 for bond-length
labeling). For the reactant, it is easy to note that the two proton donor bond lengths (r1 on pyrazole
and r3 on guanidine) vary in the opposite direction of each other when the electric field changes from
-20x10 to -100x10 au: r1 lengthens by about 0.03 A, while 13 shortens by about 0.01 A. Such a
geometrical change under the effect of electric field has been discussed in the case of hydrogen-
bonded acid-base complexes.>!4202144114 These changes are also concomitant with a notable
increase of R2 (~ 0.5 A), and a smaller decrease of R1 of about 0.1 A. When the compression of one
hydrogen bond leads to the elongation of the second one, two coupled hydrogen bonds are said to be
anti-cooperative.!'>116 As the F, intensity increases, the RI stabilizes more and more, and the TS
which looks like the RI for F, = -20x10* au ended up looking like the reactant, in agreement with
Hammond's postulate. Finally, it should be noted that in the RI, the distance r2 was found to be very
close to the bond length 13 for the five negative values of F,, which is characteristic of a protonated

guanidine.

F,(x10%au rl(A) r2(A) 13(A) @A) RIA) R2(A)

Reactant structure

0 1.033 1.834 1.020 2.005 2.827 3.002
-20 1.039 1.793 1.017 2.061 2799 3.054
-40 1.045 1.753 1.015 2.114 2.773 3.101
-60 1.054 1712 1.013 2.157 2746 3.139
-80 1.063 1.673 1.011 2.263 2724 3.238

-100 1.072 1.642 1.008 2.524 2710 3.481

13
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Transition structure

0 1.562 1.097 1.097 1.562 2.634 2.634
-20 1.451 1.146 1.054 1.720 2.580 2.743
-40 1.381 1.191 1.038 1.813 2.557 2.815
-60 1.334 1227 1.028 1.898 2.549 2.886
-80 1.291 1.266 1.021 1.982 2.548 2.960

-100 1.252 1308 1.016 2.085 2.553 3.054

Reaction intermediate

-20 1.598 1.084 1.078 1.619 2.659 2.673
-40 1.650 1.070 1.068 1.659 2.696 2.703
-60 1.651 1.070 1.068 1.658 2.697 2.702
-80 1.743 1.050 1.050 1.743 2772 2.771

-100 1.790 1.043 1.043 1.791 2812 2813

Table 2. Key bond lengths of pyrazole-guanidine system subjected to F, < 0 at three stationary points. Please, see Scheme 1 for

bond-length labeling.

b. BET analysis

From the ELF topological point of view, the geometrical changes are related to the topological
changes of valence basins. For the reactant structure, these changes mainly concern the three valence
basins on the N1 atom: V1 (N1), V2 (N1) and V (N1, Ha). As long as the F, strength lies between 0
and -40x10* au, the two basins V(N1) and V,(N1) are equally populated (~ 0.5 ¢) while the
population of V(N1, Ha) is 2.3 e. For F, = -40x10* au, a topological change occurs: the two valence
basins V(N1) and V,(N1) disappear in favor of the V(N1, Ha) whose population increases by 1 e
(V(N1, Ha) = 3.3 €). The same feature holds for the F, = -60x10-4, -80x10-4, and -100x10-* au. For
these different values of F, the valence basins centered on atom N3 remain unchanged.

In order to describe the bond topological evolution along the reaction path, we will limit ourselves to
the case F, = -80x10-* au. This description is obviously transposable to other negative electric fields.
In Figure 6 are displayed the most relevant topological changes on the proton donor bond of pyrazole
from & = -2.5 to 3.5 amu'”?-Bohr, which covers the transition from reactant to reaction intermediate
passing through the transition state (£ = 0). As shown clearly in Figure 6, three regions are to be
distinguished on the & e [-2.5 to 3.5 amu!?-Bohr] interval, corresponding to three topological
domains of the same structural stability. The three regions are separated by two critical distances r; =
r(N1-Ha) = 1.097 A (separation between first and second regions) and r; = r(N1-Ha) = 1.486 A

(separation between second and third regions).

14

ACS Paragon Plus Environment



Page 15 of 37 The Journal of Physical Chemistry

oONOULT A WN =

In the first region extending from & = -2.5 to -0.5 amu!?>-Bohr, V(N1,Ha) = 3.3 ¢ is the unique
valence basin on the nitrogen atom of the pyrazole proton donor bond. It is worth noting that such a
protonated valence basin with a population exceeding 2.5 ¢ is topologically unstable which might
evolve towards another structurally stable domain.’” At & = -0.5 amu'?-Bohr, the V(N1,Ha)
protonated valence basin splits into two new valence basins: a basin centered on nitrogen atom
standing to the lone-pair (V(N1) = 1.5 e) , and a wandering “dressed proton” of a population close to

0.5 e (see Figure 6-a).

V—V—V—V—vVv
34

Basin population

(a)

- V(N2)
—#—V(H,)
—A—V(N2,H)
—&—V(N2)

B—A— A A A A A
,¢/e~o—oféﬂé- 64

plane

Basin population
$—o p—b— >

(

0 . . . .(b)
2 4

1 2 3

o

ey

Figure 6. ELF population evolution on the reaction pathway from reactant to reaction intermediate for F,=-80x10 au.

At the end of the second region, close to & = 0.5 amu'?-Bohr, not only the V(N1) reaches its
equilibrium value, 3.3 e, but also the wandering proton merges with V(N2),jan. to form two new
valence basins: one for the freshly formed chemical bond labeled as V(N2, Ha), and the other for the
non-bonding electron located on nitrogen atom perpendicular to the plane of the complex, V(N2)perp.
Finally, during the third region extending from & = 0.5 to 3.5 amu!”>-Bohr, the population of these
basins converges rapidly towards 2 e (see Figure 6-b). The compound stabilized at the end of this

process is actually made up of two interacting ions: pyrazolate and guanidinium.
2) From concerted asynchronous to synchronous DPT reaction: F, in positive Z-direction

Equilibrium geometry and IRC analysis along the reaction pathway have also been studied for the

pyrazole—guanidine complex using four positive values for F,: 20, 40, 60, and 80 (x10-* au).

15
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a. Energetic and geometrical aspects

As shown in Figure 7, all the energy profiles remain symmetric with respect to the transition state
(where & = 0) when applying a positive electric field in agreement with the fact that R and P remain
identical. It is clearly noticeable that the barrier height increases from 10.9 to 15.2 kcal.mol! when
F, varies from 0 to 40x10* au (see Figure 7-a). This rise of the barrier height is accompanied by a
decrease of the plateau width from 1.50 toward 0 amu!2.Bohr, where the "plateau transition state"
becomes a standard transition state with a well-defined transition structure. Accordingly, the near
extinction of the “plateau transition region” for F, = 40x10* au transforms an asynchronous
pyrazole—guanidine DPT reaction to a near synchronous one. For the higher intensities of OEEF, the
activation barrier decreases from 15.2 to 12.1 kcal.mol!, and the plateau comes back until F,

80x10* au for which the plateau width is 1.4 amu'”2.Bohr. Therefore, the DPT reaction switches

back to an asynchronous regime.

J ‘ 1 —&—F_=20.56 MV.
" A == OMveen by —F 3084Mvcm
= +F-1028Mch1: X F_4112|v1vcm
£ 127 2 0% —aF =2056Mv.em’ 2 121 m ) on
© '—‘jﬂ". = y S
Q U < M g ' X
X \ o y |
= 1 AL g X 9 1 N
5 B = %
P ; oo\ > !
= = X
2 | k% L g & : Y
o ; \ s : A %
S : S ‘
: 1 : s o
g S :
0 \ 0 ‘ : ; : :

Figure 7. IRC profiles for various positive values of F,

At this point, we will study the geometric changes in the key bond lengths of the pyrazole-guanidine
system subjected to F, > 0. In Table 3 are reported the values of six bond-distances as function of the
field strength F, for two particular geometries along the reaction path (reactant and transition state),

using the labels defined in Scheme 1.

rlA) 2(A) B3A) r4A) RIA) R2A)

F,(x10%) au
(H, transfer)  (H, transfer)
Reactant structure

0 1.033 1.834 1.020 2.004 2.827 3.002
20 1.028 1.885 1.022 1.960 2.861 2.964
40 1.023 1.928 1.025 1.928 2.891 2.935
60 1.020 1.982 1.029 1.884 2.926 2.897
80 1.016 2.047 1.033 1.846 2971 2.865

Transition structure

16
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0 1.562 1.097 1.097 1.562 2.634 2.634
20 1.507 1.118 1.120 1.502 2.600 2.600
40 1.423 1.163 1.164 1.422 2560 2.560
60 1.124 1.504 1502 1.124 2.587 2.587
80 1.097 1572 1571 1.098 2.624 2.624

Table 3. Key bond lengths of the pyrazole-guanidine system subjected to F, > 0 at two stationary points.

First of all, it is worth noting that at F, = 0, in the reactant structure, the r2 hydrogen bond distance
(1.83 A) is signicantly shorter than the r4 one (2.00 A). It is consistent with a N2---H, hydrogen bond
stronger than N4---H;, and therefore an H, proton transferred in advance of Hy, as mentionned above.
In the reactant structure, the pyrazole N-H bond length (r1) shrinks when F, increases, while we
observe an elongation of the guanidine N—H bond length (1r3) engaged in the H-bond interaction. As
a consequence, the N-H bond length (r3) at F, = 80x10-* au becomes equal to that of r1 at F, = 0 and
the other way around. 12 and r4 hydrogen bond distances also vary in opposite directions as function
of F,: r2 increases while r4 decreases as F, increases, in such a way that the r4 hydrogen bond
distance at F, = 80 x10* au becomes almost equal to that of r2 at F, = 0 and 12 at F, = 80 x10* au
equal to r4 at F, = 0. This is a first element suggesting that at F, = 80 x10*# au proton Hjy is
transferred in advance on proton H,. Interestingly, at F, = 40x10-* au, where the double proton
transfers take place in a synchronous way, r1 = r3 and r2 = r4, indicating that both hydrogen bonds
are of similar strength. For N-N distances, R1 increases while R2 decreases as F, increases.

For the transition structure, r1= r4 and 12 = r3, i.e. both protons are equidistant of the two N atoms of
the same molecule. For F, < 40x10* au, both protons are closer to guanidine than to pyrazole,
meaning that the transition structure is late for H, transfer but early for Hy, on. On the contrary, for F,
> 40x10* au, both protons are closer to pyrazole than guanidine, in agreement with a transition
structure late for Hy, transfer but early for H, one. Concomitantly, R1 = R2 for all positive values of
F,. Particularly, for the field strength F, = 40x10-* au (synchronous mechanism), we should underline

that the N-N distance (R1=R2) reaches its minimum value (R1=R2=2.560 A).

b. BET analysis
Here, we limit ourselves to a concise study of major changes over an IRC segment which extends
from & ~ -2.5 amu!’>-Bohr to & = 0 (transition state), i.e. rising flank. We remember that the same
topological changes occur over the falling flank of the energetic profile.

o F.=20x107au
Inspection of the evolution of the ELF topology along the reaction pathway reveals that the

17
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protonated disynaptic basin, V(NI1,Ha), splits close to & ~ -1 amu!?-Bohr into two new basins:
V(NI1) and V(Ha) standing for the lone-pair and a wandering proton, respectively (see Figure 8-a).
V(Ha) basin carrying a very small population merges with V(N2) when & = 0 (formal TS) to form a

new protonated disynaptic basin, V(N2,Ha), accomodating around of 3 electrons (Figure 8-b).

During the & € [-2.5, 0 amu'?-Bohr] interval, the lone-pair basin on

unchanged, while the V(N3) and V(N3,Hb) populations changes slightly at & ~ -0.6 amu!”>-Bohr

(Figure 8-c).

the N4 atom remains
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Figure 8. ELF population evolution on the rising flank of the energetic profile for F,=20x10* au.

At & = 0 (formal TS), we have a deprotonated pyrazole—protonated guanidine

F, = 0. Immediately one step after TS, & = 0.06 amu'/>Bohr, the V(N3,Hy) bond breaks and the

second proton transfer process begins.

o [.=40x107au

In this case, although the electronic reorganization during the DPT reaction is very similar to that
discussed in the previous paragraph, we must however point out some notable differences. First,
detachment of the two protons occurs before TS: at £ = -0.69 amu'?>-Bohr for the first proton (H,)

from the pyrazole side, and at § = -0.22 amu!?-Bohr for the second proton (Hy) from the guanidine
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side. Second, the formation of two new bonds occurs only after TS. In other words, at TS the system

consists of three partners: two wandering “dressed protons” in sandwich between a deprotonated

pyrazole and a deprotonated guanidine (see Figure 9).

Basin population

Basin population

Figure 9. ELF population evolution on the rising flank of the energetic profile for F,=40x10* au.

o F.=60x10%au
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As illustrated in Figure 10, for this strength of the electric field, it is the guanidine N3-H,, proton that

breaks off first at & = -0.80 amu'”?>-Bohr, while the proton detachment from the pyrazole side occurs

only one step before the TS (§ = -0.05 amu!’?-Bohr). This is in agreement with the evolution of N---

H distances discussed above. This feature can be explained by the fact that positive electric fields

make the detachment of the proton from pyrazole more difficult (the corresponding hydrogen bond

in the reactive complex is weakened) and the detachment of the proton from guanidine easier (the

corresponding hydrogen bond in the reactive complex is strengthened).
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Figure 10. ELF population evolution on the rising flank of the energetic profile for F,=60x10* au.

o F,=80x10*au

With this electric field, the N3-H, bond breaks to an even smaller value of IRC (§ = -1.66

amu'’2-Bohr) than with F, = 60x10* au (see Figure 11). From an energetic point of view, the energy
required to break the N3-H, bond is smaller with F, = 80x10* au than with F, = 60x10* au (6.6
kcal.mol! at & = -1.66 amu'?-Bohr vs. 8.8 kcal.mol! at & = -0.80 amu'?-Bohr ).

At formal TS, the system consists on a protonated pyrazole and a deprotonated guanidine.
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Figure 11. ELF population evolution on the rising flank of the energetic profile for F,=80x10 au.
Consequently, the positive electric field transforms a “plateau asynchronous DPT reaction” to a
“synchronous DPT reaction” for F, ~ 40x10** au, and then to a new “plateau asynchronous DPT
reaction” for F, > 40x10* au. The pyrazole—guanidine system should be considered as deprotonated
pyrazole in interaction with protonated guanidine at the TS when 0 < F, < 40x10* au, and as
protonated pyrazole in interaction with deprotonated guanidine at the TS when 40x10* < F, <
80x10-* au. As expected,” this characteristic feature can be correlated with the polarity of the electric
dipole at the TS structures in function of the positive electric field intensity (see Figure 12). The Z-
component of the dipole moment changes sign for a value of F, between 40x10-* au and 50x10* au.
Indeed, the DPT reaction mechanism changes for a value of F, within this interval in passing from an
asynchronous to synchronous mechanism, and then again from a synchronous to asynchronous

regime.
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21 Figure 12. Variation of the Z-component of the total electric dipole (in D) as a function of electric field strength at the TS

22 structure.

3) ELF hydrogen bond interaction bifurcation (1,,-): a topological predictive descriptor

27 Figure 13 depicts the ELF isolines of the pyrazole—guanidine complex in the entrance channel, in the
29 absence of electric field, for two ELF values (a) ELF = 0.12 and (b) ELF = 0.20, which correspond to

two critical points of index 1 marked in red circles.”®

42 Figure 13. 2D ELF isolines of the pyrazole-guanidine complex in the entrance channel in the absence of electric field. (a) ELF =
43 0.12, (b) ELF = 0.20. The ELF hydrogen bond interaction bifurcations are marked in red circles.

The critical point of the hydrogen bond appears at a smaller ELF value when guanidine is the proton
47 donor than that of the hydrogen bond when pyrazole is the proton donor. This clearly means that in
49 the absence of electric field, pyrazole is a better proton donor than guanidine in the studied complex.
51 This simple consideration is in line with the fact that in the absence of electric field, the first proton
transfer occurs from pyrazole to guanidine along the reaction path.

54 According to the NBO analysis, donor—acceptor interactions are quantified in terms of the
56 perturbative energy lowering which could be used as a measure of the hydrogen-bond strength.”7>

58 For the double hydrogen bonded pyrazole—guanidine complex (both reactant and product), two

60 22
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moderate donor—acceptor interaction energies have been calculated in the absence of electric field:
E,(pyrazole nitrogen lone-pair — antibonding N-H on the guanidine) = 13.4, and E,(guanidine
nitrogen lone-pair — antibonding N-H on the pyrazole) = 28.7 kcal.mol! (see Figure S8).

The ELF bifurcation (n,,-) and NBO interaction energies (E,) for the two hydrogen bonds of the
pyrazole—guanidine reactant, as well as the barrier height of reactant—product reaction under the
influence of an OEEF are gathered in Table 4. np_,G) stands for the ELF bifurcation when pyrazole is
a proton donor, and n-.p) represents the ELF bifurcation when guanidine is a proton donor. The
difference between the two bifurcation values is labeled as on = Mep_c) - NGop)- Similarly, the

difference between two NBO interaction energies is labeled as 8E, = Eyp_, ) - ExG- p).

F, ELF: 1y NBO: E, ELF: dn NBO: 6E, Barrier height
(x10* au) (kcal.mol!) (kcal.mol')  (kcal.mol ")
Ne-6) NG-p) Expsc) Excorpy
100 0.092 0203 950 27.63 -0.111 -18.13 10.4
80 0.111 0.190 1290 2478 -0.079 -11.88 12.1
70 0.122 0.181 14.68 2338 -0.059 -8.70 13.1
60 0.134 0.169 1644 2090 -0.035 -4.46 14.1
50 0.142 0.161 1832 19.82 -0.019 -1.50 15
40 0.152 0.151 20.08 18.43 0.001 1.65 15.1
30 0.165 0.143 2195 17.17 0.022 4.78 14.2
20 0.175 0.135 2378 15.83  0.040 7.95 13.2
10 0.185 0.131 2643 14.67 0.054 11.76 12
0 0.200 0.123 28.73 1337 0.077 15.36 10.9
-20 0.222 0.107 3396 10.97 0.115 22.99 8.5
-30 0.235 0.098 36.48 9.87 0.137 26.61 7.4
-40 0.251 0.09 39.32 8.93 0.161 30.39 6.3
-50 0.265 0.086 42.62 8.27 0.179 34.35 5.3
-60 0.278 0.077 46.28 8.14 0.201 38.14 4.4
-80 0.310 0.061 54.00 6.22 0.249 47.78 2.8
-100 0.350 0.045 64.01 4.42 0.305 59.59 1.5

Table 4. ELF and NBO values at the hydrogen bond between pyrazole and guanidine system subjected to an electric field. én =
NE-6) - Ne-c) and SE; - Exp_, ¢) - Ey-> p). Barrier height (in kcal.mol™!) is the required energy in going from reactant to

product.

As expected, the two interacting partners behave in an opposite way to each other under the electric

field.
e When positive electric field increases, np_,g) decreases while 1 _,p) increases. Consequently,

the proton donor capacity of pyrazole decreases while that of guanidine increases. For
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F,~=40x10* au, we get Np_G) = NG-p) indicating a similar deprotonation capacity of both
partners, which leads to a synchronous mechanism.

e When the negative electric field intensity increases, np_,c) increases while n_,p) decreases.
Consequently, the deprotonation ability of pyrazole which was already superior to that of
guanidine increases again (1_,g) increases) while that of guanidine declines, leading to the
formation of a zwitterionic reaction intermediate in which guanidine is protonated

(guanidinium) and pyrazole deprotonated (pyrazolate).

Figure 14 illustrates the variation of om as a function of the electric field intensity. The difference
between the two ELF bifurcations corresponding to both hydrogen bonds, om, linearly decreases
when F, goes up from -100x10 to 80x10-* au, with a very good correlation coefficient (R? = 0.997)

0!3'.
0,2- ‘m.
I.. 2 _
- R” =0.997
— 0,1- .
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.y
0,04 e
"
-0,1- “u

60 40 20 0 20 40 60
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Figure 14. Variation of 8n in function of F,.

As shown in Figure 15, 61 varies linearly also with 8E, (R?=0.999).
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1
2
3 Figure 15. Variation of o7 in function of 3E,.
4
Z Variation of dn as a function of the reaction barrier height is displayed in Figure 16. The highest
7 barrier height was found for the dn = 0, where both proton transfers are being simultaneously carried
8
9 out. Elsewhere (on # 0), the two protons are transferred either by the asynchronous concerted
10
11 mechanism (|on] < 0.1) or by the step-by-step mechanism (o1 > 0.1), i.e. one proton at a time.
12
13 Concerted
14 1 5 T /v.‘v\ :
15 : /v ! v\
16 | ¥ /i x
17 /V 3 \8
18 =104 v Synchronous™
19 £ | 1 | .
20 = | v, Stepwise
21 2 : CN
| : v

22 N—’ : N\

< 5 AN
23 84| v
24 \V
25 | : v
26 ; :
27 0 T v i v T v T v T
78 -0,1 0,0 0,1 0,2 0,3
29 on
30 . - I, .
31 Figure 16. Variation of barrier height in function of 6n.
32
33 Accordingly, the difference between two ELF bifurcations at hydrogen bonds, on, calculated on the
34
35 reactant structure formed at the entrance channel, not only provides a good indicator for the H-bond
g? strength, but also allows us to predict the evolution of the system during the proton transfer reaction.
38
39 III. Conclusions
40
a1 To summarize, in this work, we provide some insight on the nature of double proton transfer reaction
42 g : . . .. .
43 between pyrazole and guanidine presenting a peculiar plateau in the transition state region. Free-field
:g pyrazole—guanidine is actually a strongly asynchronous concerted reaction. Application of an
46 oriented external electric field could allow the system changes either from the concerted to stepwise
47
48 mechanism, or from an asynchronous process to a perfect synchronous double proton transfer
49 .
50 reaction.
51
52 On the basis of the analysis presented in this paper, we want to draw the following conclusions:
53
54 . > . .
55 i.  In the case of free-field pyrazole—guanidine system, topological analysis reveals that the
g? “plateau transition region”, although energetically degenerated, hosts two remarkable
58 changes of the monosynaptic valence basins, characterising the non-bonding electron density
59
60 25

ACS Paragon Plus Environment



oONOULT A WN =

ii.

1il.

1v.

The Journal of Physical Chemistry Page 26 of 37

on the N atom (the lone pair), that mark the end of the proton transfer in the reverse direction,
and the beginning of the second proton transfer in the forward direction. Rearrangement of
the topological population clearly evidenced that the first proton transfer occurs on the rising
flank of the energetic profile from pyrazole to guanidine, and the second proton transfer on
the falling flank in the opposite direction.

The electronic reorganization and polarization along the N-H:---N proton transfer bond axis
cause an increase of the non-bonding electron density of the proton acceptor atom and a
lengthening of the N —H distance of the corresponding proton donor when the applied electric
field is oriented in the opposite direction of proton transfer bond axis.

Thanks to the polarization of the (N—H)pyrazole’ "Nguanigine the V(N-H) basin population
exceeds 3 e, making thus the N-H bond breaking feasible, when the complex is exposed to a
negative electric field (F, < 0). However, a reaction intermediate is formed along the pathway
corresponding to a step-wise mechanism (a single proton transfer). It is worth to note that the
energetic barrier height corresponding to the pyrazole—guanidine — pyrazolate—guanidinium
reaction decreases when the electric field becomes more and more negative.

Application of a positive electric field (F, > 0) to the pyrazole—guanidine complex reduces
the plateau width and increases the barrier height. At F, = 40x10* au, the double proton
transfer occurs within a synchronous mechanism with the highest barrier height. The
transition structure is then composed of three fragments: two wandering dressed protons in
sandwich between a deprotonated pyrazole and a deprotonated guanidine. The barrier height
decreases and the plateau appears again when 40x10* < F, < 80x10** au with reversal of the
order in which both protons are transferred.

It has been shown that the ELF value at the saddle point linking the proton donor to the
proton acceptor domains in the reactant complex reflects well the variation of the hydrogen
bond strength. Especially, the difference between two ELF values at the two hydrogen bonds
could be used as a clear-cut descriptor to estimate the synchronicity and also the variation of

the barrier height during the double proton transfer reaction.

Supporting Information

Remarkable points on the energy profile and evolution of distances along the reaction path, snapshots of
some key ELF basins on the plateau transition state and their population, PCA portion of variance,
cumulative portion of variance expressed by each principal component, atomic motion on PC1 and PC2 for
five remarkable points and PCA details on the transition state region, averaged trajectory by BOMD
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calculation over four trajectories, full potential energy profile of DPT in pyrazole-guanidine for OEEF in
negative direction of 60 x10* au intensity, geometries Cartesian coordinates.
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