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Abstract A procedure is described for the theoretical study
of chemical reactions in solution by means of molecular
dynamics simulation, with solute—solvent interaction
potentials derived from ab initio quantum calculations. We
apply the procedure to the case of the decomposition of
formamidine, HCNHNH, — NH3; 4+ HCN, in both gas and
solution phases, via the non-assisted and assisted mecha-
nisms. We used the solvent as reaction coordinate and the
free energy curves for the calculation of the activation
energies. The results showed that the decomposition assisted
with one or two water molecules in aqueous solution is
preferred over the non-assisted mechanism, reducing sig-
nificantly the activation barrier.

Keywords Molecular dynamics simulation -
Reaction mechanisms - Ab initio solute—solvent potential -
Chemistry reactivity in solution

1 Introduction

Amidine compounds consist of an N-C=N framework with
four possible substituents R, R,, R3, and R4. They are of
interest because of their medical and biochemical impor-
tance, having many biological and pharmaceutical uses
[1, 2]. Formamidine is the simplest of the amidines (with
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all the R’s being H) and has found major applications in
synthetic organic chemistry, in the biosynthesis of impor-
tant biologic compounds, and in agricultural pesticides [3].
Due to its small size, it has been employed as a test of both
experimental and theoretical investigations.

In particular, formamidine has been extensively studied
theoretically, especially in hydrogen-bonded complexes
and in chemical reactions. The proton affinities of amidines
[4], tautomerization by intramolecular hydrogen transfer
[5-8], hydrogen transfer in bases of nucleic acids [9], the
deamination reaction to yield formamide [10], hydrolysis
via different pathways [11], and decomposition at elevated
temperatures yielding hydrogen cyanide and ammonia [12—
17] are some of the reactions studied. Since most hydrogen
transfers occur in aqueous solution, one must consider the
role of water molecules in hydrogen transfer. Water can act
not only as a solvent but also as a catalyst by both donating
and accepting an hydrogen following an assisted mecha-
nism path.

The unimolecular decomposition mechanism of the
Z-isomer of formamidine to give ammonia and hydrogen
cyanide has been investigated experimentally [12] and
theoretically [13—17] by several workers. Most of them
considered the gas-phase reaction [13-15], while others
take into account the mechanism in solution assisted by one
or more molecules of water [16, 17]. The work of Andres
et al. [13, 14] presents ab initio HF studies in gas phase
with small bases and considering only one transition state
formed by a four-membered ring, while the work of
Kaushik et al. [15] extended the study to other levels such
as MP2 and B3LYP calculations with 6-31G* bases, with
both studies finding very high activation barriers. The work
of Almatarneh et al. [16] deals with the study of the
decomposition reaction in gas and solution phases but
considers the solvent as a continuum using the PCM model
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[18]. Those authors analyze the reduction in the activation
barrier when one or two water molecules are involved in
the reaction mechanism. Using MP2 and high levels of the
Gaussian-n theory [19], they improve the results of the
activation barrier of previous studies but are still far from
experimental results. There has been only one study for this
reaction in solution using a discrete model to describe the
surrounding environment, in which the solvent effects were
been investigated for formamidine bonded to a water
molecule using a chemical molecular dynamic simulation
method [17]. In this case, the results were more consistent
with the available experimental data.

The gas-phase unimolecular decomposition of Z-isomer
formamidine leads to a transition state TSO formed by a
shift of the hydrogen from the imino nitrogen to the amino
nitrogen which continues with the breaking of the N---C
and N---H bonds to give the products (Scheme 1). When
the reaction is assisted by water molecules, the mechanisms
are similar to that mentioned above, although now the
water molecules are involved in the TS1 and TS2 transition
states (of six- and eight-membered rings when one or two
water molecules are participating, respectively, in the
mechanism). The participation of three molecules of water
in the reaction mechanism was not considered due to its not
reducing the activation barrier, since the formation of a
transition state of ten members is an entropically unfavored
process.

However, in solution the decomposition reaction of
formamidine involves a two-step mechanism: (a) a first step
where the TS0, TS1, and TS2 transition states are formed in
a way similar to the gas phase; and (b) a second step where
there are formed, firstly, a zwitterionic intermediates 10, I1,

Scheme 1 Decomposition of
formamidine in the gas phase
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and 12, and then a second transition states TSO’, TS1’, and
TS2' close in energies to these intermediates but with the
N---C single bond distance and H-C=N angle somewhat
greater, before obtaining the ammonia and hydrogen cya-
nide products (Scheme 2).

As the first step of this reaction mechanism is similar in
both phases and is the determining factor in the rate of
reaction, only the barrier energies for the TS0, TSI, and
TS2 states in gas and solution are studied in this paper.

The thermodynamic study of the decomposition of
formamide can lead to different results depending on the
type of calculation. Thus, ab initio calculations in the gas
phase show that the activation barrier depends signifi-
cantly on the basis and level of calculation employed [13—
15]. Also the result for activation energies depends greatly
on the method used to include the solvent effects:
molecular mechanics (MM), polarizable continuum model
(PCM), quantum mechanics/molecular dynamics (QM/
MD), molecular dynamics (MD), etc.

Continuing in the line of our studies of chemical reac-
tivity in solution using the MD/ESIE method [20-22],
described below in the section “Formalism and Calculation
Details”, which has so far been applied to hydrolysis
reactions, we here apply it to the formamidine decompo-
sition reaction in solution. Our goal is to show the
improvement in the results when the solvent is not
described as a continuum but as a discrete system formed
by numerous water molecules interacting with the solute
(reactants and transition states). This method differs from
that used by Ando and Hynes in the ionization reaction of
acids [23], in that it uses potentials in which the interaction
parameters were obtained from ab initio calculations
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instead of using Lennard-Jones parameters, and in the way
it obtains the free energy curves in zones away from the
minimum.

Given this context, the general objective of the present
study is to show that the form of obtaining the free energy
curves via the MD/ESIE with a discrete solvent model
seems in general sound and provides a reasonable option
within the present limitations of the MD simulation. In
particular, the detailed objectives are to: (a) apply the
methodological approach based on free energy curves to
this decomposition reaction to provide values of activation
free energies in solution; (b) compare our MD results from
free energy curves with those existing in the literature from
other methods used in the study of reactions in solution; (c)
obtain the structures of different transition states in solution
using PCM and/or QM/MM models, comparing our results
with others that are available; and (d) illustrate the
advantages of using free energy curves obtained from
molecular dynamic to study reactions in solution instead of
using the free energy for each individual specie in the
reaction.

2 Formalism and calculation details

About a thousand values of the SCF and MP2 solute—sol-
vent interaction energy Uy, were calculated with the 6-
3114++G** basis [24, 25] and considering the BSSE effect
[26]. To generate the grid of points, the water molecule was
placed in different positions r;; with respect to the solute,
trying to describe adequately the attractive, repulsive and
long-range interactions. Starting with a separation of at

least 1.5 A from any solute atom, the positions x, y, and z
for each configuration were increased in steps of 0.5 A.
With regard to the basis used, the 6-3114++G** basis set
contains not only polarization functions in all of the atoms,
but also diffuses functions to improve the description of the
outermost orbital and thereby of the reactant and transition
state energies and geometries, because a previous study
[27] showed the importance of these functions in the
construction of the free energy curves using the method of
the present work.

These energies were used to obtain the Aj;, Bjj, and g;
interaction parameters of the potential function used in our
calculations:

AV B @q”
Usw=D 5= % *Z;T-J
ij

ij i ij

(1)

The net charges on each solute atom g; were obtained
with the ESIE procedure [28], fitting the values of the
Coulomb component of the interaction energy U, (ES)
with values <5 kcal/mol using the variational scheme of
Morokuma and coworkers [29, 30]:
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)
rij

Uw(ES) =)
ij

(2)

where the charges of the solvent water g} are pre-assigned
as the TIP3P charges [31].

The Lennard-Jones parameters Aj" and Bj" are obtained
in a similar way to g;, but now the energies used in the fits
are those with values <10 kcal/mol that describe the
exchange (EX) and polarization (PL) components of the
interaction energy at the SCF level, and the dispersion
(DIS) component related to the MP2 correlation energy:
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Uw(EX) =Y~ (3)
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To construct free energy curves G, we use as reaction
coordinate the difference in the interaction energy of a
given set of solvent molecules in the presence of the
reactant and transition-state structures [32], for which one
only needs the potential function that suitably describes
this interaction. This reaction coordinate is widely used in
electron transfer reactions, although it has also been
successfully used in atom transfer reaction (such as
hydrogen transfer) [23, 33-35].

Thus, to obtain the curve associated with the reactant
simulation Gy one can use the differences in the solute—
water interaction energies, (Us,), between the diabatic
states of the solute in its reactant (R) and transition-state
(TS) structures for a broad set of configurations of solvent
molecules around the solute in a molecular dynamics
simulation of the reactant solvation:

AER = Ur(W,Sg) — Ur(W, Sts) (5)

where Ugr(W,Sg) denotes the total potential energy
including the solute internal energy Uiy g, the solute—sol-
vent interaction Usw g, and the solvent—solvent interaction
Uww r at a fixed solute coordinate Sg, as a function of the
solvent configuration W.

One operates in a similar way to simulate the solvation
of the transition state and to obtain the AEtg values with
respect to the other system, considering the same direction
in all the cases, i.e. AEps = UTs("V7 SR) — UTs(VV7 STS)-

The difference AE, fluctuates during the s simulation,
and its values are collected as a histogram of the number of
times that a particular value Ae of the macroscopic variable
AEg appears in the simulation. The probability Py(Ae) of
finding the system in a given configuration can be
expressed in terms of the delta function 6 described in
previous works [20-22, 36, 37] and of the number of
equally spaced steps N in the simulation:

> i1 O(AE(1;) — Ae)

Ps(Ae) = N : (6)

This allows us to compute the free energy Ggs(Ae):
Gs(Ae) = —kgT In Ps(Ae). (7)

Next, a search is made for the polynomial function that
best fits these free energies and the result is plotted as Gi.
In practice, only a small region of these curves around the
minimum of Gg is obtained, whereas high free energy
regions near the diabatic crossing are also important to
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obtain the activation barriers. In our procedure, we fit these
energies to polynomial functions using different energies
G,(Ae), although other methods can be applied (free energy
perturbation method [36, 37] and Tachiya’s procedure
[38]).

In all cases, the separation between the two minima
determines the activation barrier:

AG” = GJJ - GX,
= a(Ael) — Aef) + b(Aely — AeeRq)2
+ C(Ae;rqs - Aegq)3 +... (8)

with Aegq and Aegqs being the most probable values of AE
in the free energy curves Gg and Grs, respectively, and a,
b, and c are the coefficients of the polynomial fit to the
curve Gg.

The advantage of this procedure of using the minima
of the Gr and Grg curves obtained from simulations of
the two systems, and the a, b, and ¢ coefficients from the
polynomial fit to the curve Gg, relative to other methods
[38] in which the curves are moved seeking to connect
smoothly the different curves G’g curves obtained from
the relationship G,s = Gg £ Ae, is that the result of the
activation barrier is independent of the displacement of
those curves. Moreover, the use of Eq. (5) implies that
the activation barrier is independent on the solvent—
solvent energies (these energies cancel out for each G
curves) and of the solute intramolecular energy (this
energy cancels out when comparing the Gr and Grg
curves).

Once the Gg and Grs curves have been obtained to
display the activation barrier, one needs to displace the
curves to a point where Marcus’s relation is satisfied:

4 (AG+2)

AG™ = — 9)
which in the case of this R — TS step with no activation
barrier (AG* = 0) is equivalent to the energy of the process
matching the solvent reorganization energy (AG = —4),
and to shifting the Gy curve seeking to cross the Grg curve
at the minimum.

When calculating the energy differences AE, between
the solutes and the water solvent, and then constructing the
AG; free energy curves, it must be taken into account that it
is necessary during the simulation of one of the solutes to
displace the other solute to the position occupied by the
first and to reorient it in order to reproduce the position of
their atoms. In the case of a reaction such as the present
R — TS, with one solute molecule and one or two water
molecules, one must choose correctly the separation
between the solute and the water molecules in order to
carry out the simulation, since the solute—solvent
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interaction energies will depend notably on the separation
and orientation of these molecules. We consider the case
where the intermolecular separation distance between
formamidine and water molecules is similar in the reactant
and in the transition state, to facilitate the molecular
superpositions. In this way, the differences between the
solute internal energies are small when going from reactant
to transition state. Once these simulations are complete and
we have thousands of solvent configurations, molecular
superpositions are performed between the reactants and the
transition state to obtain the Gy curve according to Eq. (5).
One proceeds similarly to construct the Grs curve but
simulating the transition state in solution and superposing
the reactant system.

Finally, some simulation details merit commentary.
Molecular dynamics simulations of an NVT ensemble of
a solute molecule in an aqueous environment formed by
about 205 water molecules were carried out at 298 K
using the AMBER program [39]. The time considered
for the simulations was 2,000 ps with time steps of
0.1 fs. The first 1,000 ps were used to ensure that the
equilibrium is reached completely, and the last 1,000 ps
were to store the configurations of the water molecules
required for the determination of the thermodynamic
properties studied in this work. The water molecules
initially located at distances less than 1.6 A from any
solute atom were eliminated from the simulations. The
long-range electrostatic interactions were treated by the
Ewald method [40], and the solutes were kept rigid using
the shake algorithm [41]. A cutoff of 7 A was applied to
the water—water interactions to simplify the calculations,
and periodic boundary conditions were imposed to
describe the liquid state. The grid of points used to fit
the interaction potential to the Lennard-Jones 12-6-1
function was obtained with SCF and MP2 energies
using the Gaussian/98 package [42], and the decompo-
sition of the interaction energies with the Gamess
program [43].

The free energies of the individual species involved in
different reaction mechanisms have been calculated with
the subroutine THERMO implemented in the GAUSS-
TIAN/98 software, for both the gas and the solution
phases with the polarizable continuum model PCM [18]
using the KLAMT cavity model for the geometries
optimization and the SCFVAC option for the salvation
energies. The QM/MM method [44-58], using the ASEP/
MD code [59] that employs a mean field approximation
to represent the solute—solvent interaction and the
MOLDY program [60] for the molecular dynamics cal-
culation, has been applied to locate those saddle points
in solution [61] that were not found with the PCM
model, using similar MD conditions to those describes in
preceding paragraph.

3 Results and discussion
3.1 Transition-state structures

Ground-state geometries of the transition states in the gas
and solution phases were optimized at MP2 level with the
6-3114++4G** basis [24, 25] starting from standard geom-
etries. For the TSO transition state, the geometries in
solution (Fig. 1) were obtained with the PCM model. For
the TS1 and TS2 transition states, where the water mole-
cule involved in the reaction mechanism, we need to
describe the solvent as a discrete medium, for which we
used the QM/MM model to find those structures. All
transition-state structures were confirmed by checking that
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Fig. 1 Transition state geometries in solution (in parentheses, values
for gas phase in the TS1 case)
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there was one negative eigenvalue in the diagonalized
hessian corresponding to the movement along the reaction
path.

In the non-assisted mechanism, the reaction takes place
with a shift of the hydrogen from the imino nitrogen to the
amino nitrogen in the near-planar formamidine structure. In
this process, the N2-H4 distance undergoes a significant
increase from 1.02 in the reactant to 1.45 A in the TSO
transition state which facilitates its subsequent breakage,
and the H4-N2-C and N1-C-N2 angles are greatly reduced
when the four-membered ring is formed. Also the N1-C
distance increases by nearly 0.1 A, and the H4 atom is
close to the N1 atom in the transition-state structure, as
preparation for the formation of the NH; and HCN
products.

When the mechanism is assisted by one water molecule,
the transition state with the TSI structure is reached, and
the reaction takes place with the transfer of the H4
hydrogen from the imino nitrogen to the water oxygen, and
of the H6 hydrogen from the water oxygen to the amine
nitrogen. In this situation, the six-membered ring formed is
more flexible, and the angles are closer to those in the
formamidine (FM) reactant. With respect, to the water
molecule, the O-H6 distance increases to 1.78 A and the
H6-N1 distance decreases with respect to the TSO transi-
tion state. These values confirm that the water molecule
favors the proton transfer relative to the TSO case.

As was shown in previous work [16], the assistance of
a second water molecule in the transition state TS2
should lead to an eight-membered ring with increased
internal angles. However, with certain basis sets and
levels of calculation, the TS2 transition state, although its
distances and angles are different, is similar to TS1 and
to that obtained by other workers [16] in that it consists
of a six-membered ring. In this case, one water molecule
is involved directly in the proton transfer as part of the
ring, while the other water molecule stabilizes the
ring through a ohydrogen bond with the ring’s Ol
(Ru7..01 = 1.80 A).

Finally, it should be noted that the TS1 and TS2 struc-
tures are not planar (their torsion angles are different from
0° to 180°) and the two transition states only exist when the
QM/MM model is employed because with the PCM for-
malism, the Lennard-Jones interaction is absent. The geo-
metrical parameters of the transition states in the gas and
solution phases are similar, except for the distances of the
bonds involved in the proton transfer. In particular, the
hydrogen-donor (N2-H4 and O-H6) distance is greater and
the hydrogen-acceptor (H6---N1 and H4---O) is smaller,
favouring formamidine decomposition in the solution (see
the TS1 structure values in Fig. 1). The Cartesian coordi-
nates of these geometries are given in the supplementary
material to this work.

@ Springer

3.2 Atomic populations

An atomic population analysis of the molecules involved in
the process of formamidine decomposition showed that the
net charges on atoms in solution are considerably greater
than those in the gas phase (Fig. 2). Also, the charges
obtained with a discrete model to describe the solvent
(ESIE procedure) differ significantly from the charges with
the PCM continuum model, with the greatest values being
obtained with the ESIE charges, so that the proton transfer
process is more favoured than in the other cases.

Comparing the ESIE atomic charges for the formami-
dine reactant with those in the TSO transition state, one
observes that the proton transfer process partially neutral-
izes the atomic charges on the reactant, resulting in less
charged TSO atoms (there is a significant decrease in the
charge on the N2 and N1 atoms during this process). The
analysis performed for the atoms of the TS1 and TS2
structures showed that in all cases, the H6 — N1 proton
transfer in solution neutralizes the charge of the nitrogen
N1, while the population increases on the oxygen (in the
TS2 case, the increase is less marked due to the transfer of
part of the charge to the second water molecule).

3.3 Energies

Table 1 lists the results for the activation free energies
obtained for the decomposition of formamidine, in the gas
and solution phases and with different mechanisms studied
in this work, from the free energy curves Gr and Grs given
in Fig. 3 (in the three cases, the polynomial function for the
curve R is shown, and for the FM + H,O reaction, the map
of energies AEy is display).

In relation to the activation energy, different situations
should be taken into account. First, for the case of the non-
assisted mechanism, the activation barrier AG” is reduced
considerably when one takes into account the medium in
which the reaction takes place and the model used to
describe it. Thus, the energy barrier in the gas phase can be
reduced from 59.33 to 54.76 kcal/mol by considering the
solvent to be continuum. The reduction is even greater when
the activation barrier is determined in solution using ESIE
charges and free energy curves AG* = 40.02 kcal/mol. Our
PCM results are in agreement with those of previous studies
in the gas phase AG" = 61.17 kcal/mol and solution
AG* = 56.91 kcal/mol using PCM/MP2/6-31G(d) similar
conditions [16], although our MD/ESIE studies give barriers
smaller than these values due to the discrete description of
the solvent and to the use of higher ESIE charges.

When the solvent molecules catalyze the reaction, the
activation barrier is also reduced significantly. Thus, in the
case of the TS1 transition state, the barrier reaches a
minimum value of 22.66 kcal/mol using the present
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Fig. 2 Gas and solution (PCM,
ESIE) charges for formamidine
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Table 1 Activation free energies (kcal/mol) for the decomposition of formamidine (FM)
Method AG™
FM FM + H,O FM + 2H,0
Gas/MP2? 59.33 (1.9 x 10731¢ 43.07 (5.2 x 10718 40.89 (6.8 x 1071
Solution/PCM? 54.76 (7.0 x 107%%) 40.42 (7.1 x 10717 -
Solution/PCM® 56.91 (1.74 x 107%0) 36.31 (2.40 x 107'2) -
Solution/CRMD*® - 15.69 (6.31 x 10%%) -

Solution/MD-ESIE* 40.02 (2.8 x 10717

22.66 (4.9 x 1073 19.16 (7.8 x 10T

* Results obtained by us in this present work

® Results obtained by Almatarneh et al. [16] using the MP2/6-31G(d) level

¢ Results obtained by Nagaoka et al. [17] using the CRMD method
9 Values in parentheses are rate constants in s~

procedure (ESIE charges and free energy curves). This
value is not only below that obtained without water in the
mechanism, but reduced 17.76 kcal/mol relative to the
PCM result. We think that this result of 22.66 kcal/mol is
better than the value of 40.42 kcal/mol obtained here with

! obtained with transition state theory

the PCM (similar to the 36.31 kcal/mol obtained by
Almatarneh et al. [16] with the PCM model) since the
major reduction produced by the presence of water in the
mechanism leads to a rate constant of k = 4.9 x 107> s~
that is coherent with the rate constants of other amidine
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Fig. 3 R and TS free energy curves with different mechanisms

decompositions (for example, values for the DMFA
hydrolysis in the range 3 x 107> to 3 x 107° s™" were
found [62]). Furthermore, our MD/ESIE result is in good

agreement with that obtained by Nagaoka et al. of
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15.69 kcal/mol using the chemical reaction dynamics
method in solution [17].

Similar comments can be made when the mechanism is
assisted by two water molecules, but now the activation
barrier remains practically constant when the free energy
curves are used, since this second water molecule is not part
of the structure and only assists the reaction by forming
hydrogen bonds. This result can be explained via the free
energies of solvation for the transition structures: TSO
(AGyory = —13.33 keal/mol), TS1 (AGgory = —23.74 keal/
mol), and TS2 (AGs,, = —14.84 kcal/mol). When one
water molecule is considered in the structure, there appear
more hydrophilic centers, and the solvation (and activation)
energy decreases. However, with the second water molecule,
some of these hydrophilic centers disappear, and the solva-
tion (and activation) energy increases slightly. Furthermore,
our MD/ESIE produces a decrease of 3.50 kcal/mol in the
activation barrier which is coherent with the work of Alm-
atarneh et al. [16] who found a decrease of 4.83 kcal/mol
with G3 level theory when passing from TS1 to TS2, there is
no information available for the MP2/6-31G (d) calculation.

The clear conclusion of this work is that the free energy
curves of the species involved in the reaction provide a
good description of the thermodynamics of formamidine
decomposition in an aqueous medium. These curves, which
are constructed based on the solute—solvent interaction
energies with the solvent fluctuation being chosen as
reaction coordinate, respond acceptably to the activation
barrier of the process. Also, to obtain reasonable results for
this reaction using the geometries in solution, one must
take into account a mechanism assisted with water mole-
cules, since one observes that the activation barrier for the
process decreases appreciably when water molecules are
involved in the reaction. Thus, the MD/ESIE discrete sol-
vent model predicts a significant lowering of the activation
free energy by 17.36 (reaction FM + H,O) and 20.86
(reaction FM + 2H,0) kcal/mol relative to the unimolec-
ular decomposition without water. The activation barriers
show that the decomposition assisted with one or two water
molecules in aqueous solution is preferred over the non-
assisted mechanism, achieving values in agreement with
the experimental data and with other similar studies when
the MD method free energy curves are used.
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