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Abstract. Molecular dynamics thermodynamic integra-
tion (MDTI) method and quantum chemical calculations
at the density functional theory B3LYP 6-31 + (d,p) level,
which included the Tomasi model of the solvent reaction
field, were applied to study the tautomeric equilibrium of
Mannich base in methanol solution. The values obtained
for the free-energy difference are in good agreement with
experimental data. However, the results from quantum
mechanical calculations were not as good as the results of
MDTI simulations owing to inappropriate treatment of
intermolecular hydrogen bonds between the solute mol-
ecule and the first shell of solvent molecules in the Tomasi
model of the solvent reaction field. The radial distribution
functions between solute atoms and solvent atoms con-
firmed the formation of hydrogen bonds between the
solute molecule and surrounding methanol molecules and
indicated that the zwitterionic form is associated more
with an organized solvent structure at the level of the first
solvation shell than is the molecular form.

Keywords: Mannich base — Tautomerism — Molecular
dynamics — Thermodynamic integration — Solvent effect

Introduction

The knowledge of the molecular properties of tauto-
meric equilibrium and especially conditions in which the
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key process of the intramolecular proton transfer occurs
is very important in understanding properties of bio-
logical systems and other important materials. The study
of the nature of these processes is complicated by the
fact that they happen mostly in a strongly fluctuating
environment, either in the solution or inside macromo-
lecular systems, like peptides.

The products of condensation of the formaldehyde,
secondary amine and phenol derivative appear to be a
model system for studying the intramolecular proton-
transfer process [1, 2, 3, 4], which is a key element
in understanding the tautomeric phenomena. These
chemical compounds are called Mannich bases after the
name of the reaction by which they are synthesized [5].

It has been experimentally observed that the prop-
erties of a system with an intramolecular hydrogen bond
depend both on the external and on the internal condi-
tions [6], where the internal conditions are related to the
molecular properties of the chemical compound itself,
like the energy difference between two forms in the gas
phase. The external conditions thus mean all the factors
that change the molecular properties upon transfer to a
given system. The internal conditions, like the energy
difference between different forms, can be estimated by
means of quantum mechanical calculations. An experi-
mental study has shown for Mannich bases, where the
tautomeric equilibrium was observed, that the zwitter-
ionic form has a lower energy and the process of tem-
perature decreasing increases the ratio for this form [7].

The intramolecular proton-transfer process (Fig. 1)
is associated with a dynamical reorganization of the
solvent molecules. Although this reorganization is much
slower than the proton-transfer process itself, experi-
mental studies have shown that a decrease in the tem-
perature of the solution of the Mannich base below the
freezing point inhibits a further shift in the tautomeric
equilibrium towards the zwitterionic form [8]. Moreover,
it has been found that the proton-transfer process is
associated with a strong negative entropy change of the
order of =5 to —15 cal mol™! K™, and it has been sug-
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Fig. 1. Tautomeric equilibrium in the Mannich base

gested that this process is probably associated with
changes in solvent structure, thus providing a source for
such entropy change.

In this report, we present the results of the computer
simulations for two selected sets of Mannich bases,
namely the 4-nitro and 3.4,6-trichloro derivatives of
2-(N,N-dialkyloaminomethyl)phenol [7]. For the study of
the internal conditions associated with the proton-trans-
fer process, quantum mechanical methods were applied,
which provided parameters that were subsequently used
to adjust the Gromos96 force field, which was later
applied to study the external conditions by means of
molecular dynamics (MD) simulations. The main aim of
these computational studies was to estimate the free-en-
ergy difference associated with the tautomeric equilibrium
in the Mannich bases. Three methods of estimation of
the free-energy difference were applied and compared: the
quantum mechanical Tomasi model of the solvent
reaction field (PCM), and two techniques of the thermo-
dynamic integration method, slow growth and the multi-
configurational thermodynamic integration approach
based on the Gauss—Legendre quadrature [8]. Because the
simulations presented were focused on the estimation of
the free-energy difference between two tautomeric forms
(molecular and zwitterionic), which does not depend on
the reaction pathway, this report does not address the
question about the reaction pathway, energy barriers and
proton tunneling. During the MD thermodynamic
integration (MDTI) simulations, which were used to
simulate the proton transfer, a commonly used linear
approach was applied that cannot give information about
the reaction pathway or proton tunneling:

H(J) = JH(B) + (1 — A)H(A)

where H(/) is the actual Hamiltonian that describes the
current state, H(A) is the Hamiltonian of the initial
form, H(B) is the Hamiltonian of the final form, and 4
is the coupling parameter which is steadily changed
during MDTI simulation from the initial value of 0
corresponding to the initial state A, to the value of 1
corresponding to the final state B.

The adjustment of the force field was based on the
application of the atomic charges, obtained according to
the Merz-Singh—Kollman procedure, which fits them to
the electrostatic field with the presence of the sur-
rounding solvent modeled by the solvent reaction field.
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Moreover, the selected geometry parameters, like bond
lengths and bond angles, were adjusted to the values
obtained from the quantum mechanical calculations.

Computational

Geometry optimizations of the zwitterionic and the neutral forms
of the Mannich bases were carried out in vacuo at the Becke3LYP
6-31 + G(d,p) level. The valence basis set applied, augmented with
the polarization functions and diffuse functions on heavy atoms, is
flexible enough to faithfully reproduce the energetics of the proton-
transfer process. The density functional theory (DFT) scheme was
used with the exchange functionals proposed by Becke [10], and the
correlation functional proposed by Lee, Yang and Parr [11].
The quantum chemical calculations were carried out using the
GAUSSIANOS suite of programs [12].

During geometry optimization of the zwitterionic form struc-
tures, the proton associated with the hydrogen bond moved in all
cases into the neutral form position. For this reason, the N-H
distance was frozen at 1.05 A for all the zwitterionic forms. The
fact that the N—H distance for the zwitterionic form was not fully
optimized leads only to a relatively small error in the calculations
because it concerns mostly the high frequency v (N-H) vibrations
and thus its influence should not be too great in systems. Addi-
tionally, one can mention that all the frequency calculations did not
show any imaginary values for the zwitterionic forms, suggesting
that the calculations were performed for the stationary data.

Subsequently, single-point quantum chemical calculations were
performed with application of the solvent reaction field model
proposed by Miertus and Tomasi [13] and Tomasi and Persico
[14] at the same DFT level, for both forms of the Mannich bases
studied in methanol solution. These calculations provided sets of
atomic charges for both forms of the solute molecules that take
into account the presence of the solvent as a constant dielectric
continuum. Atomic charges were calculated according to the
Merz-Singh—Kollman scheme [15, 16], which reproduces the
electrostatic potential around the molecule. This scheme provides
an electrostatic model that gives rise to a more realistic descrip-
tion of the influence of the solvent environment on the distribu-
tion of atomic charges for each Mannich base, compared to the
application of the atomic charges derived from calculation in
the gas phase, hence leading to a much better description of the
electrostatic interaction of the solute molecule with solvent during
further MD simulations.

Moreover, application of the Tomasi model of the solvent
reaction field provided values of the free-energy difference between
the two tautomeric forms of the Mannich bases studied in metha-
nol solution; however, this approach has its own limitations and
does not take into account any explicit interaction between solute
and solvent molecules, especially the formation of intramolecular
hydrogen bonds between solute and solvent molecules.

During the next stage, MD simulations in the gas phase and in
solution were conducted independently for each Mannich base
using the GROMOS96 suite of programs [17]. During the MD
simulations, the modified GROMOS96 force field was applied. The
parameterization of the force field consisted of application of the
atomic charges and selected geometry parameters obtained from
quantum chemical calculations. The force constants and van der
Waals parameters were not adjusted. For the simulations of sys-
tems with solvent molecules the standard GROMOS96 description
of methanol was applied.

All the MD simulations in vacuo were performed with a timestep
of 1 fs. The temperature of 298.15 K was maintained by the Ber-
endsen model with a relaxation time of 0.2 ps [18]. The structures
corresponding to the molecular form were equilibrated in 1,000-ps
simulations in vacuo. These simulations provided equilibrated
structures in the gas phase of the molecular form. Subsequently, the
series of 1,000-ps MDTI simulations, with application of the slow
growth technique, were carried out with gradual changes of the
parameter A from 0 to 1 and back from 1 to 0. This means that the
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systems underwent linear evolution from the molecular form (1 =0)
to the zwitterionic form (A=1) and then back from zwitterionic to
molecular form. The values of the potential-energy derivative as a
function of 1 were collected every 100 fs. These simulations provided
the free-energy differences in the gas phase, A4;, vacuo, between the
zwitterionic form and the molecular form of the given Mannich base
by using the slow growth method:

A = Z (%),-M .

The next set of calculations consisted of ten MD simulations
at constant values of the /. These values correspond to the values
of abscissas, which are necessary to apply the Gauss—Legendre
quadrature to integrate the derivative of the potential energy as a
function of A. During these simulations the values of 1 were kept
constant. After 200-ps equilibrating simulations, additional 200-ps
simulations were conducted for which the values of dU/0/ were
collected every 100 fs. Subsequently, the mean values of dU/dA
were calculated for each value of A and then integrated by the
Gauss—Legendre quadrature, which gave rise to the free-energy
differences in vacuo, Adi, vacuo (gl), for each Mannich base
considered:

1
" JoU ,
AA —/<a>}‘dﬂ .
0

The MD simulations in solution were conducted in the micro-
canonical NVT ensemble with a timestep of 1 fs. The Berendsen
model of temperature control was applied with a relaxation time of
0.2 ps and with a cutoff value for nonbonded interactions of
12.0 A. The study of the given Mannich base in the solution started
from building a box containing one solute molecule and more than
200 methanol molecules. This number of solvent molecules with
one solute molecule reproduces fairly well the experimental density
of the pure solvent for the given box size.

The MD calculations started from simulations where the tem-
perature was raised stepwise from 10 to 50 K and 100 to 298.15 K
each 50 psin 1-fs steps. After equilibration, systems with molecular
form were applied as initial structures for MDTI simulations with
application of the slow growth technique. During these simula-
tions, each 200 ps, the molecular form (4 = 0) was transformed
into the zwitterionic form (1=1) and then back to the molecular
form. The values of the differential 6U/5. were collected every
100 fs and then integrated numerically to produce the free-energy
difference in solution, A4, solution (Sg)-

Subsequent sets of calculations were performed for each system
with ten different and constant values of A, which corresponded to
the values necessary to apply the Gauss—Legendre quadrature.
During these simulations, the value of A was kept constant.
After 200-ps equilibrating calculations, additional 200-ps simula-
tions were conducted and the values of 0U/d1 were collected
every 100 fs. The mean values of 6U/d1 were calculated for each
value of A and were then integrated by the Gauss—Legendre
quadrature, which gave rise to the free-energy difference in
SOIUtion’ AAin solution (gl)

The total free-energy difference, A4, which describes tautomeric
equilibrium in the Mannich bases, was calculated according to the
formula

A4 = AAin solution — AAin vacuo + AEQC )

where AEqc is the energy difference between the zwitterionic form
and the molecular form from DFT calculations, A4;, sofution 1S the
free-energy difference obtained from MDTI simulation in solution
and A4, vacuo 18 the free-energy difference obtained from MDTI
simulation in vacuo. In our previous report [3], where we studied the
tautomeric equilibrium in 2-(N,N-dimethylaminomethyl)-3,4,6-tri-
chlorophenol, we also included the zero-point-energy difference term
(AZPE). However, it had a low value of 0.3 kcal mol™', which was
5 times lower than the error of the MDTI simulations. Therefore, in

the present study, after comparing values of the computed AZPE
ranging from 0.1 to 0.3 kcal mol™', in most cases this correction was
again much smaller than the error of the MDTI simulations, and thus
we decided to omit this factor because it had a marginal influence on
the computed value of the free-energy difference compared to MDTI
errors. However, we acknowledge that this term can be significant in
studies of intramolecular proton-transfer processes [20] and has to be
checked every time.

The MD method is not the most efficient tool for estimating the
energy difference between two given forms, since the force fields are
still in the development phase and it is known that they provide
correct results mostly for the compounds that are used to derive
such force fields. Thus, in our approach we decided to extract the
part in the total free-energy difference that describes the proton
transfer itself in vacuo (A4;, vacuo) and replace it by a more correct
value from the quantum mechanical calculation (AEqc). Therefore,
our result represents a mixture of the quantum chemical calcula-
tions, which describe the “internal” conditions, and classical MD
simulations, which describe the ‘“‘external” conditions, namely
solute-solvent, and solvent-solvent interactions.

During the last stage, single 200-ps MD simulations were per-
formed for systems with the molecular form and for systems with
the zwitterionic form, preceded by 200-ps equilibrating calcula-
tions. The systems with the zwitterionic form were maintained by
keeping the value of / at the constant value of 1, which corresponds
to the Hamiltonian that describes this form. The coordinate tra-
jectory was recorded every 100 fs. The radial distribution functions
between selected solute atoms and solvent atoms were estimated
and compared for differences between systems with the molecular
form and systems with the zwitterionic form. Radial distribution
functions were subsequently calculated using the following formula

[19]:
o) =)

where n(r) is the number of atoms considered inside a layer be-
tween a distance of rto r +dr from a central atom, and the p is the
density, which equals N/V, where N is the total number of atoms
considered and V is the volume of the system. Values for n(r) were
taken from a histogram, which was normalized with respect to the
number of steps [19].

Results

The results of the DFT calculations with application of
the solvent reaction field and the MDTI simulations are
collected and compared with experimental values in
Table 1.

The computed values of the free-energy difference are
in good agreement with the experimental data, and
especially the approach based on the Gauss—Legendre
quadrature resulted in the best agreement. The slightly
worse results for the slow growth technique are related
to the common fact that calculations based on the ap-
plication of this approach often have a greater error
owing to inefficient system equilibration for a given
value of 1. The weaker performance of the solvent re-
action field PCM method (AA4pcy) is probably related to
an inadequate description by this approach of direct
interactions between the solute molecule and solvent
molecules and, especially, the formation of intermolec-
ular hydrogen bonds.

The formation of hydrogen bonds between the solute
molecule of Mannich base and surrounding methanol
molecules was found during investigation of the radial
distribution functions between the solute phenol oxygen



223

Table 1. The comparison between the experimental free-energy difference describing tautomeric equilibrium in Mannich bases and
the results of molecular dynamics thermodynamic integration simulations and quantum chemical calculations using the solvent reaction
field

Alkyl AE o Adpem Adyy Ady AGesp ASexp
group (kcal mol™) (kcal mol™) (kcal mol™) (kcal mol™) (kcal mol™") (cal mol K)

2-(N,N-Dialkylaminomethyl)-3,4,6-trichlorophenols

Methyl 12.64 —-1.45 04+0.8 0.26 0.12 -8.80
Ethyl 11.73 1.65 0.3£0.6 0.04 0.06 =7.71
Propyl 1.48 2.54 0.6%0.1 0.26 0.13 -7.34
Butyl 8.68 -0.63 0.6+0.4 0.45 0.18 =7.06
2-(N,N-Dialkylaminomethyl)-4-nitrophenols

Methyl 14.71 1.25 0.06+0.06 0.35 0.02 -7.56
Ethyl 9.42 1.13 1.1£0.2 0.47 0.48 -8.61
Propyl 1.35 2.58 1.0+1.2 0.21 0.57 -8.59
Butyl 8.11 0.26 0.2+0.8 0.40 0.11 -7.10
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Fig. 2a—d. Radial distribution functions between the solute oxygen size of the alkyl groups attached to the amine nitrogen in the
atom (O) and methanol (solvent) hydroxyl hydrogen (Hmet) and Mannich base: a methyl, b ethyl, ¢ propyl, and d butyl. The solid
oxygen (Omet) atoms for 2-(N,N-dialkylaminomethyl)-3,4,6-tri- [line corresponds to the molecular form and the dashed line to the
chlorophenols. The plots are ordered according to increase in the  zwitterionic form
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Fig. 2. (Contd.)

atom and solvent oxygen and hydroxyl hydrogen atoms.
The comparisons between the radial distribution func-
tions for the systems with the molecular forms and the
radial distribution functions of the systems with the
zwitterionic form are presented in the Figs. 2 and 3.
The radial distribution functions, presented in
Figs. 2 and 3, show formation of hydrogen bonds be-
tween solute oxygen and solvent molecules. The peaks
at 1.7 A at the radial distribution function of O—Hmet
correspond to systems with such bonds. The coordi-
nation numbers evaluated from those peaks are col-
lected in Table 2 and indicate that the systems with the
zwitterionic form have at least one solvent molecule
more in the first shell than the systems with the mo-
lecular form. Therefore, the systems with the more
polar zwitterionic form seem to be more “‘organized” in
terms of the solvent structure, at least to a local extent.
This phenomenon can be related to the experimental

negative value of the entropy change, which suggests an
increase in the organization of the solvent structure in
the case of the systems with the zwitterionic form.
It cannot be concluded that the solvent follows the
intramolecular proton-transfer process since the time
difference is too great between these two processes.
However, one can say that the solvent constant fluc-
tuations, which sometimes lead to the more organized
systems, (at least to a local extent around the solute
molecule) are more favored and may drive one form to
another.

Another interesting feature, which was found from
an analysis of the radial distribution functions, is the
lack of hydrogen bonds between solute molecules and
the solvent molecules either with participation of the
hydrogen atom from the intramolecular hydrogen-
bond bridge or with participation of the amine
nitrogen atom (Fig. 4), for all systems studied.
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Fig. 3a—d. Radial distribution functions between the solute oxygen
atom (O) and methanol (solvent) hydroxyl hydrogen (Hmet) and
oxygen (Omet) atoms for 2-(N,N-dialkylaminomethyl)-4-nitrophe-
nols. The plots are ordered according to increase in the size of the

Figure 4 shows two such radial distribution functions
for 2-(N,N-dimethylaminomethyl)-3,4,6-trichlorophenol.
Analogous radial distribution functions for other
Mannich bases considered look similar to the plots
presented here.

A comparison of the radial distribution functions
between solvent atoms Omet—-Hmet and Omet—Omet
for 2-(N,N-dialkylaminomethyl)-3.,4,6-trichlorophenols
is presented in Fig. 5. Similar plots were obtained for the
2-(N,N-dialkylaminomethyl)-4-nitrophenols and were
similar to plots already presented. The difference in the
solvent structure between systems containing Mannich
bases with increasing size of the alkyl group attached to
the amine nitrogen atom is shown in Fig. 5. The greatest
difference is for the systems with the propyl group either
in the case of the nitro derivatives (not presented) or in
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alkyl groups attached to the amine nitrogen in the Mannich base: a
methyl, b ethyl, ¢ propyl, and d butyl. The solid line corresponds
to the molecular form and the dashed line to the zwitterionic form

the case of 3,4,6-trichloro derivatives. It seems that this
alkyl group is associated with a much more distorted
solvent structure than the other groups, even the bulky
butyl group, which appears to behave almost like the
smallest methyl group. One must mention that no effect
of the proton transfer on these two radial distribution
functions was observed in all eight Mannich bases, and
therefore the observed increase of the solvent structure
organization for the systems with the zwitterionic form
must have only a local extent, with no implication for
the total structure.

Discussion

The free-energy difference associated with the tauto-
meric equilibrium in the Mannich bases in methanol
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Fig. 3. Continued

solution was estimated by using the DFT method with
the application of the solvent reaction field and a com-
bination of quantum mechanical calculations with
an all-atom representation of the solvent by MDTI
simulations. In the latter case, thermal averaging was

Table 2. Coordination numbers for the first solvation shell calcu-
lated from the radial distribution function O—Hmet

Alkyl group Molecular form Zwitterionic form

2-(N,N-Dialkylaminomethyl)-3,4,6-trichlorophenols

Methyl 0.34 1.65
Ethyl 0.91 1.78
Propyl 0.36 1.80
Butyl 0.44 1.92
2-(N,N-Dialkylaminomethyl)-4-nitrophenols

Methyl 0.16 1.01
Ethyl 0.13 1.03
Propyl 0.00 1.63
Butyl 0.06 0.96
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performed by MD and the free-energy difference was
calculated using two techniques of the thermodynamic
integration method. The computed free-energy values
are in good agreement with the experimental results.
The solvent reaction field gave the greatest difference,
probably owing to an inappropriate description of the
hydrogen bonds that can be formed between solute
molecule and surrounding solvent molecules. The results
based on the thermodynamic integration method with
application of the Gauss—Legendre quadrature gave rise
to excellent agreement with experiment, whereas the
slow growth technique was slightly worse owing to a
greater error related to the “flying” equilibration of the
system.

An analysis of the radial distribution functions re-
vealed that the systems with the zwitterionic form are
more favorable when the solvent fluctuating structure
takes slightly more organized forms—which can be re-
lated to the experimental observation that lowering the
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H from the OH group and methanol (solvent) oxygen (Omet)
atoms, and b between the solute amine nitrogen atom N
and solvent hydroxyl hydrogen (Hmet) atoms in the case of
2-(N,N-dimethylaminomethyl)-3,4,6-trichlorophenol. The solid line
corresponds to the molecular form and the dashed line to the
zwitterionic form

temperature, and therefore producing a more organized
solvent structure, increases the concentration of the
zwitterionic form. Additionally, the negative experi-
mental value of the entropy change upon the intra-
molecular proton-transfer process indicates that there
should be some changes in the solvent structure towards
more organized systems, at least locally. The present
study does not address the question of the reaction
pathway of the intramolecular proton-transfer process,
meaning that we did not study the energy barrier of this
process and the significance of the proton tunneling.
Therefore, we plan to investigate this further in com-
putational studies that include application of quantum
dynamics methods.
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Fig. 5. Comparison of the radial distribution functions between
the solvent atoms: a Omet-Hmet, b Omet-Omet for methanol
solutions of 2-(N,N-dialkylaminomethyl)-3,4,6-trichlorophenols.
The first peak at the radial distribution function Omet—-Hmet was
cut because it is related to the hydrogen atoms from the OH groups
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