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Abstract

The tautomer equilibrium of a number of 4-substituted imidazoles in the gas phase and in aqueous solution
was calculated by combining quantum chemical ab initio calculations on the tautomers in the gas phase with
classical electrostatics calculations (a continuum model and a Monte Carlo method with a limited number of
discrete solvent molecules) to evaluate the solvation energy. The results were in good agreement with
experimental data from *N-NMR studies. It was found to be important to include counter ions in the
calculations for imidazoles with a charged side chain. The methods for evaluation of the solvation energy were

compared.
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1. Introduction

The imidazole ring is a very important func-
tional group in many chemical processes, and has
therefore received a great deal of attention over
the years [1]. In biochemical processes imidazole
rings play an important part in many active cen-
tres of enzymes, e.g. those of serine proteases [2]
and blue Copper proteins [3]. The state and site
of protonation may be crucial to the activity of
the enzyme and is subject to the influences of the
environment. A neutral imidazole ring has one of
its two N-atoms protonated, as in Fig, 1.
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A substituent R # H results in preferential
protonation of N, or N_, (this nomenclature of
the imidazole N-atoms derives from that of histi-
dine side-chains in proteins), as was shown by
"N-NMR spectroscopy in aqueous solution for a
number of substituents [4]. From the NMR shifts
the position of the equilibrium may be calculated
in terms of the free energy difference between
the two tautomeric forms. It is our aim to repro-
duce the energy differences found for various
substituents from equilibrium studies, by combin-
ing quantum chemical ab initio calculations on
the imidazole species (to obtain energy differ-
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Fig. 1. N_,-N;, protonation equilibrium.
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Table 1

4-Substituted imidazoles under investigation, experimental
data

Species R K, ® - AAGE,
(kJ /mol) ®

4-Ethylimid-

azole CH,CH, - =-2°
Z-Urocanic

acid Z-CHCHCOO™~ 52 16 40408
E-Urocanic

acid E-CHCHCOO~ 0.37+0.04 -2.5403

¢ K,,=[H-N31/[H-N_,], from reference [4].
+ ® 4AG = - RT In(K,,).
¢ Based on 4-methyl imidazole [8].

ences in vacuo) with a discrete classical and a
continuum model method (to obtain solvation
energy terms). This study is part of our efforts to
develop and apply approximate, (semi-)classical
methods to evaluate the interactions between a
quantum mechanical system and its surroundings
[5-71.

Table 1 shows the imidazole species investi-
gated. The 4-ethylimidazole was chosen as a ref-
erence point to study the substituent effect.

Experimentally, the N_, tautomer is favoured,
whatever the nature of the substituent (R) is [4],
with the exception of the Z-isomer of urocanic
acid, supposedly because of intramolecular hy-
drogen bonding, involving H-Nj; (Fig. 2).

2. Theory

It is our aim to connect quantum mechanical
calculations with thermodynamic observables via
the framework of statistical mechanics. In this
section the connection is made explicit and the
assumptions and approximations made in the
process are briefly outlined.

/\N,H\

=

Fig. 2. Intramolecular hydrogen bond in the Z-urocanic acid
anion.
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Consider the protonation equilibrium to be
studied in aqueous solution shown in Fig. 1. The
equilibrium constant K, associated with this
equilibrium may be calculated from the Gibbs
free energy difference AAGY, between the species
in solution by eq. (1).

K,,= exp(—AAGS,/RT) (1)

with AAqu = AG}’(H—NM(aq)) - AG?(H—Nez(aq)),
R the universal gas constant, and 7 the absolute
temperature.

The state function G may be calculated from
the energy levels E; of the system under study via
the partition function Z =Y, exp(—E,/kT) {9].
The energy levels of a system can be found by
solving the Schrédinger equation for stationary
states [10] H¥, = EW,, in which H is the time-in-
dependent Hamiltonian and ¥; the wave function
associated with energy level E, Solving this
Schrédinger equation is a formidable task, if at
all possible, and therefore approximations are
necessary.

The system is partitioned into solute and sol-
vent, and only the solute is treated quantum
mechanically. Quantum chemical ab-initio calcu-
lations on the solute, in vacuo, in the Born—Op-
penheimer {(BO) approximation [11,12] yield the
equilibrium conformation and its energy at 0 K,
D,, the energy at the bottom of the BO potential
energy surface. The true ground state energy is
found by adding the zero-point vibrational energy
E, to D,. Looking at chemical problems, at room
temperature, the higher energy levels may be
calculated approximately by treating the different
motions of the molecule as independent. Then,
the contributions of these motions to E, are
additive.

In the approximation of treating a molecule as
a rigid rotor for the rotational motions and as a
collection of harmonic oscillators for the vibra-
tional motions [13], the zero-point vibrational en-
ergy is given by:

Ey= % Z hv; (2)

in which A is Planck’s constant and v; is the
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frequency of the ith normal mode. The vibra-
tional and rotational partition functions in these
approximations are given by [14]:

1

Zvio = ]—[ [1 - exp(—hv,/kT)] (3)
2 32
Zr0t=¢;( 81:12’(71) (IXI,VIz)l/2 (4)

where [, is the moment of inertia with respect to
the x-axis, etc., and k& Boltzmann'’s constant,

Because of the independence of the modes of
motion the expression for the partition function is
greatly simplified into a product of the partition
functions for the independent modes. Conse-
quently their contribution to the Helmholtz free
energy A is additive:

Z= exD( _EO/kT)zeleczvibzmtztrans;

A=¢ey—kT(In z 4. +1In zy+In z +1n z,. )

(%)

in which ¢, is the reference energy level from
which the independent contributions are counted.
It is now possible to compute the free energy
difference of the tautomers in the gas phase, at a
certain temperature T, from quantum mechanical
calculations on the separate tautomers, introduc-
ing the approximations discussed. Considering
only the electronic ground states and the equality
of mass for the tautomers, AA and AA
become zero, so that:

AAga\s;T = Al)O + AEO
— kT In{2,3( N51) /2 in( N,2)}
- kT ln{zrot(Nsl)/zrot(Ne?.)} (6)

Ignoring pressure—volume work differences, we
make the approximation AG = A A, to arrive at
the thermodynamic quantity of interest.

The next step is to take the isomers from the
gas phase into solution. As a crude approxima-
tion the solvent may be treated as a dielectric
surrounding the solute. The solvation free energy
may then be approximated by the electrostatic
work done on bringing the charge distribution

elec rot

elec trans
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representing the solute into a cavity in the dielec-
tric from infinity. A first approximation to this
problem is to reduce the charge distribution of
the solute to its overall charge Q and overall
dipole moment M, and place these at the centre
of a spherical cavity with radius r, the size of
which reflects the size of the solute. This model,
combining the Born [15] and Onsager [16] formu-
lae, gives the solvation energy AW as:

2 2
wo-tfi g Lo,
2le, e r  (2e+1) r°

in which ¢, is the dielectric constant in the inte-
rior of the sphere. Both terms have been derived
using the reaction potentials of the interior charge
and dipole. They are analytical solutions to the
Poisson equations for the point charge and point
dipole in a spherical cavity. This simple model
may be refined by a more detailed description of
the charge distribution of the solute and of the
surface separating it from the dielectric. Several
such methods have been developed, e.g. [17,18].
These are all numerical approaches to the solu-
tion of the Poisson cquation, which cannot be
solved analytically if the cavity surface is not of a
special geometry. The method by Juffer et al,
used in this study [19], consists of a solute repre-
sented by point charges at the positions of the
nuclei, separated from a dielectric medium (with
possibly non-zero ionic strength) by a surface that
follows the shape of the solute. A pair of coupled
equations for the potential and the normal com-
ponent of the electric field (the latter only with
non-zero ionic strength) at the dielectric surface
is solved by a straightforward application of
boundary element techniques.

More elaborate models explicitly consider dis-
crete solvent molecules, and the configurations
they may adopt. The configuration space is sam-
pled using Molecular Dynamics (MD) or Monte
Carlo (MC) techniques [20], with simple interac-
tion potentials between the atoms that make up
the system to evaluate the energy of the system.
These approaches to the solute—solvent interac-
tion give more detailed information about the
nature of the interactions, but they are very
time-consuming computationally.
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A model that combines continuum and Monte
Carlo approaches has been developed in our lab-
oratory by Rullmann and Van Duijnen [6]. In this
model the solute is again represented by point
charges and is surrounded by a number of dis-
crete solvent molecules, also represented by point
charges. The number of solvent molecules is lim-
ited to two to three solvation layers and this
entire collection is restricted to a sphere, which is
the boundary between the discrete part and a
dielectric representing the bulk solvent. The dis-
tribution of the discrete solvent molecules is sam-
pled with Monte Carlo techniques to obtain an
average over solvent configurations. Short con-
tacts between solvent molecules and the dielec-
tric are prevented to circumvent over-polarization
effects. The solvation energy may then be calcu-
lated as the difference between the energies of
the solvent ensemble and the solute plus solvent
ensemble. Pressure—volume terms are accounted
for if the radius of the sphere is being enlarged as
the solute is entered. This model has been called
the RFE (Reaction Field plus Exclusion) model.

Note that for both models, the solvation en-
ergy is, at present, evaluated for one solute config-
uration only. For this reason we write AW for the
solvation energies calculated by the Born-
Onsager (eq. 7) and continuum (Juffer et al.)
approach, and AH, . for those by the Monte
Cario method. Finally, A, the approximation to
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AAG, for the tautomer equilibrium is calculated
as:

A=AA_.r+AAW (continuum models) (8a)

and
A=AA_ 1 +AAH

solv

1 (Monte Carlo model)
(8b)

3. Methods

Quantum mechanical energies and geometries
of the 4-substituted imidazoles in vacuo were
obtained by using the routines of the nonpo [21]
programs package for MO-LCAQO (Molecular Or-
bital-Linear Combination of Atomic Orbitals)
single determinant energies and geometry opti-
mizations at the SCF (Self Consistent Field) level.
All calculations were at the STQ4-31G basis set
level for second row atoms and STO3-21G for
hydrogen. The results at this level concur with
the results at higher levels for the cases checked.
The minimal STO-3G level does not give consis-
tent results. The charge distribution of the final
vacuum structures was represented by Dipole
Preserving (DP) [22] charges at the positions of
the nuclei,

Solvation energies were calculated with the
moLror [23] programs package for the continuum
approach by solving the Poisson equation as de-

Table 2

Results of gas phase calculations *

Species a DO b Eo;vib AEO;tm Avib ¢ Arot ¢ AAgas ¢
Eth-Ngy 0 304.5 0 -6.72 -24.1 0
Eth-N,, -24 364.2 =27 -6.84 -24.1 -28
Z-Ng; 0 3075 0 -9.42 -26.9 0
Z-N,, 672 307.0 66.7 -10.7 =270 65.3
Z-acid 79.5 304.9 76.9 -109 =270 75.3
E-Ng; 0 306.0 0 -12.2 -273 0
E-N,, 339 305.4 333 -11.6 =273 34
E-acid -52 304.1 -71 -104 -274 -54

# All quantities in kJ /mol, and relative to Ny, species.

b relative to N, species. D, for these species in a.u.: Eth: —302.41945; Z: —488.03457; E: —488.01469
¢ The Helmholtz free energies have been evaluated at T = 298.15 K, using eqs. (3) and (4) for the partition functions.
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scribed earlier. (The package can also solve the
linearized form of the Poisson-Boltzmann equa-
tion to take the ionic strength of the solution into
account.) A triangulated surface surrounding the
molecule was determined from the dotted Con-
nolly surface [24].

The program mcoir [25] was used for the sol-
vation energy calculation via the Monte Carlo
(RFE) approach. In this case, the discrete part
consisted of 72 SPC (Simple Point Charge) [26]
water molecules, which roughly corresponds to
three solvation layers. For each species the solva-
tion energy for the equilibrium geometry only was
calculated.

Calculations were performed on CYBER
760,962 and CRAY-YMP (nHonpo and McDiIp)
and CONVEX C220 (MoLPoT) mainframes.

4. Results

The gas phase results are shown in Table 2.
For the ethylimidazole, the proton was put in two
positions: near N, and near N,, denoted as
Eth-N;, and Eth-N,,. For the urocanic acid an-
ions, the proton was put in three positions: near
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Nj,, near N, and near the acid group denoted as
Z/E-Ng,/N,,/acid, respectively.

The energies reflect the optimized geometries
of the species. The ethyl group of 4-ethylim-
idazole was found to be rotated out of the imida-
zole plane by about 72°. The optimized geome-
tries of the urocanic acid anions were all planar,
as expected.

The solvation energies calculated are pre-
sented in Table 3, together with the total energy
differences between the tautomers in aqueous
solution. These differences have been denoted A,
as explained above (eq. 8).

In the case of the urocanic acids, the NMR-ex-
periment is done at high ionic strength: 0.2-0.4
M in Na™ and urocanic acid anion. This means
that approximately one Na*-ion is present to only
two hundred water molecules, so there will gen-
erally be such an ion in the vicinity of the imida-
zole. In order to investigate the influence of the
Na™*-ion, gas phase and solvation energies were
calculated for the acid anions, with Na*-ion near
the acid group. The position of the Na*-ion was
determined by gas phase geometry optimization,
starting at approximately equal distances to both

Table 3

Solvation energies (kJ /mol); total energy differences (kJ /mol) in aqueous solution

Species AA,, uw(D)? AW(BO)® AW(solv, MP) ¢ A H(solv, MC) ¢ A(tot, MP) Altot, MC)
Eth-N, 0 433 —49 —474 —80 0 0
Eth-N,,  -28 3,70 ~36 ~5038 -81 -62 -4
ZN,, 0 6.24 -142 -302 -314 0 0
Z-N,,; 65 114 -134 -362 -387 5 -8
Z-acid 75 2.73 -128 -293 -301 84 88
E-Nj, 0 117 -137 ) -387 0 0
EN,, 34 17.7 -137 - 401 —412 5 9
E-acid -54 4.65 -123 -295 -301 72 81

# Vacuum dipole moment with respect to centre of mass.

® Born-Onsager formula (eq. 7); cavity radius is calculated as the largest distance of an atom to the centre of mass, augmented by

that atom’s associated Van der Waals radius.

For the charged species, the charge was placed in the centre of charge, so as to let the dipole moment vanish, with the centre of

mass as the centre of the cavity.
4

moLroT (MP) calculatlon The Van der Waals radn for C, H, O, N and Na was used to generate Connolly’s surface with probe

radius of 1.4 A were L. 7, 1.2, 1.52, 1.55 and 1.54 A respectively. The triangulated surface foliowed Connolly’s surface closely.

4 Monte Carlo (MC) method; RFE model.
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carboxylic oxygens. The Na*-ion remained at such
a position, owith a Na-O distance of approxi-
mately 2.2 A, with the exception of the Z-Nj,
form of urocanic acid, for which optimization
resulted in an asymmetric geometry.

The sensitivity of the solvation energy term to
the position of the Na*-ion was investigated by
placing the counter ion near the unprotonated N
of the imidazole ring. Although some such ar-
rangements led to appreciably higher solvation
energies, the total energies always exceeded those
of the corresponding geometries with the Na*-ion
near the acid group, due to the higher vacuum
energies. The results for the lowest total energy
geometries are shown in Table 4.

5. Discussion
5.1 Gas phase calculations

5.1.1 Substituent effect

The calculated total energies in the gas phase
of the species investigated (Table 2) indicate that
introducing a substituent at the 4-position of an
imidazole ring results in a preferred protonation
site. The aliphatic ethyl group favours N_,-proto-
nation, in accord with experimental observation
for the majority of 4-substituted imidazoles [4],
while the charged Z- and E-propenoic acid anion
groups both favour Nj,-protonation. In the case
of Z-urocanic acid, the reason for this preferred

Table 4
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Nj;,-protonation is- quite obvious: intramolecular
hydrogen bonding between H-N;, and a carboxyl
oxygen, as shown in Fig. 1, was found in the
optimized gas phase geometry. Bond-order analy-
sis [27] showed that, apart from H-bond forma-
tion, pseudo-aromaticity [28] may contribute to
the stability of the Z-Nj, species.

In the gas phase the proton in the E-urocanic
acid anion prefers to attach itself to the acid
group. We are not aware of experimental data
concerning the acidity of the groups in the gas
phase, but an explanation for the calculated rela-
tive acidities is easily found in terms of delocal-
ization of the negative charge. If the proton re-
sides on the acid group, more resonance struc-
tures can be written down, compared to the pro-
ton residing on one of the imidazole N-atoms,

The large difference in energy between the
N;, and N_, species of the E-urocanic acid anion
(34 kJ/mol), compared to the 4-ethylmidazole
(—2 kJ/mol) remains unexpected, however, be-
cause a pseudo-aromatic bicyclic system such as
in the H-Nj;; Z-urocanic acid anion is not possi-
ble in either of the E-urocanic acid anions. It
must find its explanation in the nature of the side
chain. Adding a Na™-ion to the structures in the
neighbourhood of the acid group resulted in a
considerable decrease of the energy differences,
as can be seen from Table 4. The difference is
now of the order found in 4-ethylimidazole for
the E-urocanic acid. A similar effect has been
observed for the histamine tautomerism [29], on

Gas phase and solvation energies (kJ/mol) for the urocanic acid anions plus a Na*-ion near the acid group; total energy

differences (kJ /mol) in aqueous solution

Species ADy? wD)?® AW(solv, MP) ¢ A H(solv, MC) ¢ Altot, MP) A(tot, MC) Alexp)
Z-N;; +Na 0 8.84 —200 ~155 0 0 0
ZN,,+Na 287 8.88 -223 -174 6 10 4.0
E-Ng;+Na 0 7.65 —224 —168 0 0 0
E-N,, +Na 24 4.34 -228 ~168 -2 2 -25

2 Relative to Nj; species. Dy for these species in a.u.: Z: —649.92131; E: —649.90646.

b Vacuum dipole moment with respect to centre of mass.
¢ moLrort calculation, -

9 Monte Carlo (MC) method; RFE model.
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going from histamine itself to its cation (with an
extra proton on the amino group).

Apparently the charge has a pronounced effect
on the imidazole ring, ¢ven though it is somewhat
remote. The Z-urocanic acid with counter ion
still displays a strong preference for the hydro-
gen-bonded conformation, as may be expected.

5.1.2 Vibrational and rotational corrections

In general, addition of zero-point vibrational
cnergy, rotational and vibrational Helmholtz free
energy only slightly modifies the results at the
usual 0 K level (Table 2). Only the more tightly
bound proton in the Nj,-species of the Z-urocanic
acid causes a strong decrease in Helmholtz free
energy, because the vibrational frequencies are
higher and contribute less to the vibrational par-
tition function. A similar effect is seen in the
N, ,-species of the Z-urocanic acid, where there is
some restriction of motion as a consequence of
the folding back of the side chain as well.

Rotational contributions to the Helmholtz free
energy cancel already in the gas phase. In solu-
tion, rotational freedom of the species can be
neglected altogether because of the friction of the
solvent, and we have not given it any more con-
sideration here.

5.2 Solvation energy calculations

5.2.1 Born-Onsager approximation

The solvation encrgies calculated by different
methods may be conveniently compared by in-
spection of Table 3. The first observation is the
inaccuracy of the Born-Onsager approach. For
neutral solutes, the solvation energies are too
small by one order of magnitude. For the charged
solutes, the solvation energy calculated is still
much too small. This observation is not at all
surprising, since the Born-Onsager approxima-
tion is very sensitive to the cavity radius (with a
dependence of r=3 for neutral solutes as in eq.
7). The approach may be cxpected to be reason-
able for small, spherical species, such as ions or
very small molecules. However, the molecules
under study here are far from spherical and the
cavity is too large for the molecule.

The solvation energy calculated by the Born-
Onsager formula is of course quadratic in the
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overall dipole moment, but the more accurate
(morLpor and MC) calculations show that the
charge distribution may give rise to deviations
from what would be expected if only the solute’s
total dipole moment is considered. Thus a species
with the smaller overall dipole moment may still
have the larger solvent stabilization.

5.2.2 Comparison between Monte Carlo and con-
tinuum approaches

The discrete solvent model and the continuum
model give very similar results, as concerns both
the magnitude of the solvation energy and the
differences between the species. This can be seen
from the last four columns of Table 3, where the
solvation energies and the final differences A are
tabulated. Note that the acid-protonated species
are not at all important anymore in solution, as
expected. This is due to the relatively small solva-
tion energy for this species, mainly because of the
relatively small dipole moment.

The differences as concerns the differential
solvation term between the two approaches sel-
domly exceed 5 kI/mol, except in the case of
Z-urocanic acid, where the MC approach seems
to overestimate the solvation energy of the H-N,,
form, so that the equilibrium shifts rather drasti-
cally to the wrong side compared to experiment
(A should be +4, Table 1). This may be due to
the limited size of our solvent sphere, so that the
outer water molecules do not yet show bulk be-
haviour,

As was mentioned in the previous section, the
equilibrium under study is measured at high ionic
strength, whereas the calculations are valid only
at infinite dilution. Including a Na™ counter ion
in the quantum mechanical calculations reduces
the differences in energy between the species in
the gas phase and shifts the equilibria toward
their experimental values, as can be seen from
Table 4 (note that zero-point and free energy
corrections have been neglected). For the E-
urocanic acid the situation becomes very similar
to that of 4-ethylimidazole, which re-emphasizes
the major influence of the side chain charge. The
solvation energies of the tautomers are very close,
and the equilibrium is subtle, as was observed
before for neutral imidazole solutes by Worth et
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al., using a free energy perturbation approach
[29].

The continuum approach gives results that are
in accord with experiment, whereas the position
of the equilibrium is reversed with the Monte
Carlo approach.

The continuum approach has the advantage
that it is much faster computationally (about a
hundred times), but it is rather sensitive to a
number of important parameters, which are more
or less hidden. Among these are the radii of the
atoms that determine the size of the solute cavity,
via the construction of Connolly’s surface, and
the accuracy of the description of the surface. In
this study all calculations were performed with
the same set of parameters; the radii used were
the Van der Waals radii [30] and the surface was
described up to the level where improvement of
the surface’s description did not alter the solva-
tion energies significantly.

The Monte Carlo method is much slower than
the continuum method computationally, as was
already mentioned. Generally, at least 10° config-
urations were necessary to give statistically good
results, but for the uncharged species twice this
number was required, because convergence was
much slower.

Recently, a discrete free energy perturbation
(FEP) method [31] and continuum calculations
[18] were compared [32] for a number of solutes.
Good agreement was found between the two
approaches, as in this study. It thus scems, that if
the interest is only in solvation (free) energies, a
continuum model is accurate, while discrete mod-
els should be employed to obtain detailed infor-
mation about solvent orientation. The usefulness
and accuracy of the continuum approach has
been demonstrated in this case, where experi-
mental data were available. This supports the
application of this approach in cases where exper-
imental data are not available, although the hid-
den parameters discussed need to kept in mind
and checked critically.

6. Conclusions

The protonation equilibrium of 4-substituted
imidazoles was calculated to be sensitive to sub-
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stituent and solvation effects, confirming experi-
mental data. In the case of E-urocanic acid,
further calculations are necessary if the Monte
Carlo approach is employed, including counter
ions in the calculations in a more realistic way, by
allowing them to move around in the solvent.
Solvation energies (or at least differences in sol-
vation energies) may be reliably calculated via the
continuum approach, as implemented by Juffer et
al.,, saving considerable computer time with re-
spect to Monte Carlo sampling methods.

The gas phase calculations indicate large dif-
ferences in behaviour of the urocanic acids com-
pared to the solvated species. Experimental work
on these molecules may be both interesting and
stimulating to the study of the biologically impor-
tant [33] urocanic acids.
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