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Cation Binding Effect on Hydrogen Bonded Dimer of Imidazole and Water
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Abstract

The influence of small monovalent cations on
neighbouring hydrogen bonds is studied for
imidazole—water adducts by means of ab initio
calculations using minimal Gaussian basis sets. Metal
binding is found to have a significant effect on both
hydrogen bond energy and the equilibrium inter-
molecular distance. A redistribution of electron
density in the complex is also indicated by Mulliken
population analysis. The net stabilization of the H-
bond due to Li(I) ion is —8.9 kcal mol™!, the
N—Heeere O distance is contracted by 0.12 A.

Introduction

The influence of cation binding to biological
macromolecules is of importance for understanding
chemical and particularly biological processes which
take place in solution, and has been the subject,
therefore, of a number of theoretical and experi-
mental model investigations [1—-11].

Hydrogen bonding involving biomolecules has
been widely studied [12--14], since this type of bond
is especially important for the fundamental linking of
DNA and RNA. Hydrogen bonds also stabilize the
structure of other biological macromolecules, e.g.
proteins [15].

Imidazole (ImH) can be considered as an interest-
ing model system because certain imidazole com-
pounds are essential in biochemistry, e.g. the amino
acid histidine and related compounds, vitamin B12,
biotin, and other imidazole-containing biomolecules.
Thus, studies concerning the influence of metal ions
on hydrogen bonds of imidazole with water should
also give an insight into principal interactions through
hydrogen bonding for more complex biological
systems.
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In previous studies, we have investigated the influ-
ence of Li(I) on water/amide adducts [18]. In this
study, we continue to examine the Li(I) binding
effect to hydrogen-bonded dimers of imidazole and
water. In order to be able to discuss the results in
comparison with the previous work, the same basis
sets have been used.

Details of Calculation

The geometries of water and imidazole molecules
were taken from experimental data [19] and kept
constant throughout the calculation, as it is known
that the minimal basis set is suitable for the optimiza-
tion of the intermolecular parameters but less so for
that of the intramolecular geometrical parameters
[10].

The intermolecular geometrical parameters
reported here are the result of an optimization by
means of an ab initio LCAO-MO-SCF method [15—
18,20-27]. All calculations were performed on the
IBM 3031/08 computer of Chulalongkorn University
and the IBM 4361 computer of Kasetsart University.
The program used has been discussed in detail in
ref. 28.

Results and Discussion

Table I summarizes the stabilization energies of all
systems, and the optimized intermolecular geomet-
rical parameters are listed in Table II. The data of the
Mulliken population analysis for all species are
reported in Table III. The changes in atomic charge
distribution resulting from complex formation are
illustrated in Fig. 1.

The Imidazole—Lithium Complex

The binding site for Li(I) is N3. The optimized
Li(T)-+--- N; distance is found to be 1.86 A, the
Li(I)-N;—C, angle is 95.8° and the corresponding
energy is —55.6 kcal mol™'. The equilibrium distance
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TABLE I. Energy Data

System Total Ion binding  H-Bond
energy energy energy
(Hartree)  (kcal mol™1) (kcal mol™)

Li(I) -6.4100

H,0 ~64.5164

ImH -190.6812

Li(I)-ImH -197.1788 -55.6

ImH—H,0 ~255.2279 ~19.0

Li(I)-ImH-H,0 -261.7320 --83.6 -27.9

TABLE II. Optimized Geometrical Parameters

System Nyseees 0, Li(I)eee-» Nj
(A) (A)

Li(I)-ImH 1.86

ImH-H,0 2.66

Li(D-ImH-H,0 2.54 1.86

TABLE III. Atomic Populations

Atom System

H,0 ImH ImH/Li(d) ImH/H,0 ImH/Li(I)/H,0

0, 8.383 8.404 8.431
Ny 7.879 17.864 7.936 7.928
Nj 7.356 7.683 7.371 7.707
Cy 5.745 5.626 5.747 5.636
Ca 6.260 6.298 6.271 6.288
Cs 6.151 6.083 6.150 6.088
H, 0.516 0.468 0.484 0.447
H, 0.722 0.690 0.734 0.709
Hg 0.674 0.631 0.682 0.642
Hs 0.698 0.653 0.711 0.668
Hg 0.801 0.756 0.727
H;  0.809 0.753

Li(I) 0.005 0.006

is about 0.1 A shorter than Li(I)+----Nin Li(I)-NH,
[17], in accordance with the higher binding energy
(AENH =—-44.0 kcal mol™ l, AEImH*- ~55.6 kcal
mol™ l) These data indicate that the more delocalized
electron system of the ring apparently favours the ion
binding. The value of 1.86 A also agrees very well
with Li(I)-N distances found in some biological
systems [29].

Li(I) ion binding to the N3 atom of imidazole
leads to the redistribution of electron density indi-
cated in Fig. 1. One point of interest is that the
complex formation leads to an increased positive
charge for the H; hydrogen by about 0.048. This
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Fig. 1. Changes in charge distribution due to complex forma-
tion: a) imidazole/water; b) imidazole/Li(I); c) imidazole/
Li(I)/water.
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suggests that the ability of the imidazole molecule to
form a hydrogen bond as a proton-donor molecule
is enhanced when Li(I) is attached to the N; atom.

The Imidazole—Water Complex

The geometry resulting from our basis set is
exactly the same as that of ref. 30 (using STO-3G
basis), the optimized N;---+-0,; distance being
2.66 A. The rotation energy barrier (0.4 kcal mol™)
is lower than k7T, indicating free rotation of this
complex at room temperature.

The hydrogen bond energy of the imidazole—
water adduct is evaluated as 19.0 kcal mol . This
value is comparable to the calculated N—H+-+--0
hydrogen bond energy of the formamide—water
complex (14.4 kcal mol™, ref. 16), and probably
too high due to basis set superposition effects.

The net charge of the H; proton is about 0.032
higher than in imidazole. This decreased electron
density on the H,; proton leads to electrostatic
stabilization of the hydrogen bond between imidazole
and water.

The Imidazole—Lithium—Water Complex

The optimized Li(I)—N; distance remains as in the
imidazole—lithium complex. The rotational energy
barrier around the N;—H-+---0 bond of the complex
is 0.8 kcal mol™. Thus the cation seems to hinder the
free rotation of the water molecule, in contrast to the
system water/formamide [16].

A further interesting result is the shortening of the
N;—Hj«e->-- 0, hydrogen distance by about 0.12 A.
This reduced N;—H;---++0O, distance reflects an
increase of hydrogen bond energy due to the cation.
This can also be simply rationalized on the basis of
the hydrogen atom population.

The Li(I) binding leads to a decrease of electron
density at the H, hydrogen of 0.069 units, compared
to 0.032 units in imidazole—water. The charge
transfer to Li(I) is nearly the same for both com-
plexes (0.006 and 0.005). The decrease of electron
density at Hg and H,, as well as the pronounced
donor ability of the nitrogen atom (N,), indicate that
the Li(I) effect is transferred through the ring accord-
ing to Gutmann’s bond variation rules.

The hydrogen bond energy in the ternary system is
—27.9 kcal mol™!. Subtracting the energy value of
—19.0 kcal mol™ computed for the imidazole—water
dimer, we obtain the net stabilization energy (NSE)
of the hydrogen bond between the dimer due to the
presence of the cation as —8.9 kcal mol™!. The NSE
values resulting from the effect of Li(I) in this system
and from previous work [16--18] using the same
basis set can be ordered, therefore, as following:
NSE(NH;/H,0) > NSE(H,0/H,0) > NSE(ImH/
H,0) > NSE(Fa/H,0).
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