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A Hybrid Statistical Mechanics—Quantum Chemical Model
for Proton Transfer in 5-Azauracil and 6-Azauracil in Water
Solution

Nadezhda Markova,[a] Ljupco Pejov,[b,c] and Venelin Enchev*[a]

A hybrid statistical physics—quantum-chemical methodology

was implemented to study the water-assisted intramolecular

proton-transfer processes in 5- and 6-azauracils in aqueous sol-

utions. The solvent effects were included in the model by

explicit inclusion of two pairs of water molecules, which model

the relevant part of the first hydration shell around the solute.

The position of these water molecules was initially estimated

by carrying out a classical Metropolis of dilute water solutions

of the title compounds and subsequently analyzing solute–sol-

vent intermolecular interactions in the Monte Carlo-generated

configurations. Sequentially to the statistical physics simula-

tion, ab initio quantum mechanical (QM) level of theory was

implemented. The effects of the water as solvent (at ab initio

QM level) were introduced at two different levels—using sol-

ute–solvent clusters (four-water molecules) and using the

same clusters embedded in an external continuum. Full geom-

etry optimizations of these complexes were carried out at

MP2/6–311G(d, p) and conductor-polarizable continuum

model (C-PCM)/MP2/6–311G(d, p). Single point calculations

were performed at CCSD(T)/6–311G(d, p)//MP2/6–311G(d,

p) computational level to obtain more accurate energies.

According to our calculations hydrated azauracils should exist

in three forms: mainly dioxo form and two hydroxy forms. The

calculated proton transfer activation energies for tautomeric

reactions of 5-azauracil and 6-azauracil show different pictures

for these two compounds. According to C-PCM/MP2/6–31

1G(d, p) data, water-assisted proton transfer in 5-azauracil

realizes through two parallel reactions: 1,3,5-triazine-

2,4(1H,3H)-dione fi 6-hydroxy-1,3,5-triazin-2(1H)-one and 1,3,5-

triazine-2,4(1H,3H)-dione fi 4-hydroxy-1,3,5-triazin-2(1H)-one.

Tautomeric equilibrium in 6-azauracil in water could occur by

two contiguous reactions: 1,2,4-triazine-3,5(2H,4H)-dione fi 5-

hydroxy-1,2,4-triazin-3(2H)-one and 5-hydroxy-1,2,4-triazin-

3(2H)-one fi 3-hydroxy-1,2,4-triazin-5(2H)-one. The proton

transfer investigated reactions in 5- and 6-azauracils involve

concerted atomic movement. VC 2015 Wiley Periodicals, Inc.

DOI: 10.1002/qua.24871

Introduction

Tautomerism plays a key role in biological systems,[1] from

DNA base-pairing[2–6] to the regulation of the function and

activity of various enzymes.[7,8] Many of these biological effects

rely not only on the presence of different tautomers but also

on the rate at which they interconvert. Hydration plays a sig-

nificant role in the tautomeric process. A water molecule may

influence the stability of different tautomeric forms through

hydrogen-bonding interactions. Conversely, the water-assisted

proton transfer has been shown to increase the populations of

the minor tautomers greatly by lowering the activation energy

barrier of the proton transfer reaction.[9–21] Affecting the struc-

tures and the properties of solute, the binding solvent mole-

cules may profoundly influence reactivity by altering the

environment around the solute or they may directly partici-

pate in the dynamic processes as in solvent-mediated chemical

reactions. In the literature, water has been shown to be impor-

tant as a catalyst mediating proton transfer.[22,23]

Aza analogues of nucleobases are of special interest due to

their biological and pharmacological activities. Among possible

structural modifications of uracil, one may consider the ring

alternations via the substitution of the CH groups by nitrogen

atom. In this way, one may obtain the 5- and 6-azauracils

(Fig. 1). The biological activities of aza analogues of uracil have

been intensively investigated. The 5- and 6-azauracils have

been described to possess anticancer, antidepressant, hyp-

notic, antiallergic, antiasthmatic, anxiolitic, antidepressant, and

anticoccidial properties.[24]

5-azauracil (1,3,5-triazine-2,4(1H,3H)-dione, 5-AU) is consid-

ered to be a potential anticancer agent. Experimental investi-

gations[25–28] performed in gas phase, solid state, or in

solution indicate that the amino-oxo tautomer of 5-azauracil is

the most stable one. Infrared spectra of 5-azauracil in dioxan

and ethanol solutions indicate the presence of the dioxo tau-

tomeric form.[25] Interpretation of the UV spectra of 5-azauracil

in water is ambiguous.[25] The tautomerism of 5-azaurcil in
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deuterated dimethyl sulfoxide (DMSO) was investigated by

Pike[26] by means of Nuclear Magnetic Resonance (NMR) spec-

troscopy, but his results were not conclusive.

6-azauracil (1,2,4-triazine-3,5(2H,4H)-dione, 6-AU) was for-

merly used as an antitumor drug and has been studied exten-

sively. Many experimental and theoretical studies have

revealed its structural, chemical, and spectroscopic proper-

ties.[28–42] The crystal structure of 6-azauracil is reported by

Singh and Hodgson.[29,39] 6-azauracil was the subject of quan-

tum chemical studies.[40–42] In ab initio quantum chemical

study, Les and Ortega-Blake[42] concluded that the 3-NH tauto-

mer has been preferred over the 4-OH tautomer in the gas

phase by 10.2 kcal/mol.

Recently, investigations on the tautomerism of 5-azauracil

and 6-azauracil anions[43,44] were published. However, there are

not studies on tautomeric conversions in solution (particularly,

water) of neutral azauracils. While the structures of azapyrimi-

dines would be expected to be quite similar to those of the cor-

responding pyrimidines, the concept of their tautomerism is

important to the structure of nucleic acids. As there are findings

that 6-azauracil derivatives of 4,5 didehydro-5,6-dideoxy-L-

ascorbic acid possess pronounced cytostatic activity against

some malignant tumour cell lines, the idea of tautomeric con-

version in such compounds attains significant importance.[45]

At this point of view, the subject of this study is the tauto-

merization of 5- and 6-azauracils in the presence of binding

water molecules. We report the dynamic pathways between

the dioxo and hydroxy tautomeric forms of these compounds.

We consider the effect of hydration using the supermolecule

approach in which four-water molecules forming two clusters

are attached to the azauracil tautomers. To avoid the inherent

arbitrariness, or the necessity of relying on “classical chemical

intuition” in the way in which the solvent influence on the tau-

tomerism is accounted for, we implement a two-phase hybrid

statistical physics—quantum-chemical approach to this phe-

nomenon. The two-phase approach is based on sequential

Metropolis Monte Carlo (MC) simulation followed by analysis

of solute–solvent interaction network patterns and subsequent

finite cluster quantum mechanical (QM) study of the proton-

transfer process influenced by water as solvent. The hydration

by bulk water is covered by the self-consistent reaction field

(SCRF) method using the conductor-polarizable continuum

model (C-PCM) approach.[46]

Computational Details

The common practice for optimizing a molecule in solution is

the application of some continuum dielectric method[46–58]

where the solute is placed in a cavity carved into the solvent.

Such a cavity may be constructed to a different level of

sophistication, starting from a simple spherical cavity with

radius computed from the molecular van der Waals volume,

up to the cavities closely matching the solute molecular shape.

The solvent is modeled generally as a polarizable dielectric

continuum characterized by its bulk dielectric constant and

some other parameters accounting for nonelectrostatic solute–

solvent interaction terms. The advantage of this approach is

that it accounts for the very important long-range electrostatic

interactions in a fairly simple way. However, the major weak-

ness of the continuum solvent approach is that a structure-

less medium does not take into consideration the QM conse-

quences of hydrogen-bond interactions between solute and

solvent or any other specific noncovalent solvent–solute inter-

molecular interaction.

In addition in protic solution, a solvent-catalyzed mechanism

of tautomeric reactions is also possible. Thus, the solvent does

not simply exert a through-space effect, but it rather becomes

an active participant in the process. The hydrogen-bonded pro-

ton of the solute is picked up by a protic solvent molecule and

is returned into a new position of the solute by another solvent

molecule. This mechanism hypothesizes the existence of a sol-

vent network around the solute, which is certainly true in aque-

ous solution. If one wants to explore the most favorable

arrangements of the water molecules around the solute, prelim-

inary model calculations are useful for optimizing the positions

of a limited number of the water molecules. Calculations in the

gas phase provide the optimized structure of gas-phase

hydrates, and will be called supermolecule approach. If the

hydrate structure is reoptimized by means of a continuum

dielectric solvent method when the hydrate is placed into a cav-

ity carved within the polar solvent, the approach is called the

supermolecule1 continuum. This approach allows for charge

transfer between the central solute and the explicit solvent mol-

ecules, which affect the derived atomic charges for the solute

while the long-range solvent influence is also accounted for.

In this study, we model the water-assisted proton transfer in

5- and 6-azauracil. The most rigorous approach that we imple-

ment for that purpose is the supermolecule1 continuum

Figure 1. Possible tautomeric forms of 5-azauracil and 6-azauracil, and their

calculated MP2/6–311G(d, p) relative energies (DG298) in kcal mol21 in

gas phase and in solution (in brackets).
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approach. To complement, however, the supermolecular meth-

odology and to further justify the particular bonding pattern

used to derive conclusions about the water-assisted proton

transfer in solution as well as to judge on the relative hydra-

tion energies of various tautomeric forms, we have also carried

out rigid-body MC simulations of various forms of 5-azauracil

and 6-azauracil in diluted aqueous solutions.

Monte Carlo simulations

MC simulations of 5-azauracil and 6-azauracil water solutions

carried out for the purpose of the present study were of a

rigid-body type, that is, the intramolecular parameters of both

the solute and solvent molecules were kept fixed throughout

the simulation. The geometries of 5-azauracil and 6-azauracil

used for the rigid-body MC simulations were those corre-

sponding to the minima on the MP2/6–311G(d, p) potential

energy hypersurfaces (PESs), as located by the GAMESS pro-

gram package.

Series of MC simulations in the isothermal-isobaric (NPT)

ensemble were carried out to generate the structure of the

studied liquids. The statistical mechanics code DICE was used

for these purposes.[59] The Metropolis sampling algorithm was

implemented for all MC simulations, which were actually car-

ried out at T5 298 K, P5 1 atm. In each MC simulation, a sin-

gle 5- or 6-azauracil tautomer was surrounded by 500 water

molecules in a cubic box with side length of approximately 25

Å (using the experimental density of liquid water of 0.9966 g

cm23 at these conditions). Periodic boundary conditions were

imposed, and the long-range corrections to the interaction

energy were calculated for interacting atomic pairs between

which the distance is larger than the cut-off radius defined as

half of the unit cell length. The Lennard–Jones contribution to

the interaction energy beyond this distance was estimated

assuming uniform density distribution in the liquid (i.e., g(r) �
1). The electrostatic contribution was, conversely, estimated by

the reaction field method involving the dipolar interactions. In

all MC simulations carried out in this study, intermolecular

interactions were described by a sum of Lennard–Jones 12-6

site–site interaction energies plus Coulomb terms:

Uab5
Xa
i

Xb
j

4eij
rij
rij

� �12

2
rij
rij

� �6
" #

1
qiqj

4pe0rij
(1)

where i and j are sites in interacting molecular systems a and

b, rij is the interatomic distance between sites i and j, and e is

the elementary charge. The following combination rules were

used to generate two-site Lennard–Jones parameters eij and rij
from the single-site ones:

eij5
ffiffiffiffiffiffi
eiej

p
(2)

rij5
ffiffiffiffiffiffiffiffi
rirj

p
(3)

For water, we have used the simple point-charge (SPC)

model potential parameters[60] while the charge distribution in

the case of various tautomeric forms of 5- and 6-azauracils

were calculated by fitting the individual (atomic) charges, cen-

tered at atomic positions, to the molecular electrostatic poten-

tial computed from the QM wavefunction (MP2/6–311G(d, p))

at series of points selected by the CHarges from Electrostatic

Potentials using a Grid based method (CHELPG) algorithm[61]

with an additional constraint that the molecular dipole

moment is correctly reproduced by the chosen set of point

charges. In the fitting procedure, the MP2 electronic density

was used as a reference in all cases. The Lennard–Jones

parameters for azauracils were taken from the Optimized

Potentials for Liquid Simulations (OPLS) force field database.[62]

All simulations consisted of thermalization phase of at least 5.0

3 107 MC steps, which was subsequently followed by averag-

ing (simulation) phase of at least 4.5 3�108 MC steps.

Ab initio calculations

Ab initio quantum chemical calculations were performed for 5-

and 6-azauracils in gas phase, in a four-water cluster and the

same clusters embedded in an external continuum. The geo-

metries of the possible tautomeric forms, their four-water com-

plexes and the respective transition states (TSs) with and

without external continuum, were located at MP2/6–311G(d,

p) level of theory. �he C-PCM formalism[46] at MP2 level was

applied to account structure-less dielectric medium. The calcu-

lations were done without symmetry constraints by the gradi-

ent procedure. A gradient convergence threshold of 1 3 1025

hartree Bohr21 was used. All the minima and TSs were con-

firmed by normal mode analysis at the same computational

level as used for the geometry optimization. The Hessians of

the local minima had zero and those of the TSs only one neg-

ative eigenvalues, respectively. Starting from theTS, the reac-

tion path was generated as the steepest descent path in

mass-scaled coordinates (intrinsic reaction coordinate) using

the Gonzalez–Schlegel algorithm,[63] using a step size of 0.05

Bohr (1 Bohr corresponds to 0.53 Å). On both branches of the

reaction coordinate 40 steps were performed. The values of

Gibbs free energies (DG) and activation barriers (DG#) were cal-

culated at a temperature of 298.15 K. The classical rate con-

stant at 298.15 K was calculated using the Eyring equation,

k5ðkBT=hÞ:e2DG=RT , where kB and h are the Boltzmann and

Planck constants, respectively. The values of the populations

(pi) were calculated by the standard formula

pi5e2DGi=RT=
P
i

e2DGi=RT .

Single-point calculations were further performed at the

coupled cluster (CCSD(T)) level[64–68] with the same basis set

to refine the relative energies of the stationary points.

All calculations were carried out using the GAMESS (US)

quantum chemistry package.[69]

Results and Discussion

The five possible tautomeric forms of 5-AU and 6-AU are

shown in Figure 1. All species were optimized at MP2/6–

311G(d, p) level of theory. The relative Gibbs free energies of

the dioxo A and different hydroxy tautomers B–E of the azaur-

acils in gas phase are also presented in Figure 1. The com-

puted energies of the tautomers studied reveal that at MP2/6–
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311G(d, p) level of theory the dioxo form A of 5-AU is the

most stable one, followed by the hydroxy forms D, E, B, and

C. The stability sequence of 6-AU is A>D>C>B> E. The rel-

ative stabilities of isolated tautomeric forms of the azauracils

are considered only for comparison because of stability

sequence alteration on hydration. When all species of 5-AU

and 6-AU were optimized again using C-PCM at MP2/6–

311G(d, p) level in water as medium, the energy sequencies

are not changed for 6-AU. There is change in the relative sta-

bility order of the tautomers of 5-AU—in water tautomer B

became more stable than E (Fig. 1).

Differential hydration and hydrogen bonding in diluted

aqueous solutions

We further analyze in details the hydrogen bonding between

various tautomeric forms of 5-AU and 6-AU (Fig. 1) and solvent

water molecules. Both the proton-donating and the proton-

accepting abilities of the solvent and solute molecules are con-

sidered. However, to count the number of hydrogen-bonding

interactions in which each center within the solute molecule

takes part is far from a trivial task. To avoid any arbitrariness,

and also to correctly account for all fundamental criteria for

this noncovalent interaction in solution, we adopt the follow-

ing multistep procedure, which we illustrate through the par-

ticular example of the H-bonding acceptor properties of the

N5 center within the tautomer A of 5-AU. For comparison pur-

poses, the analogs parameters have only briefly been illus-

trated in the case of 6-AU as well. One parameter which

certainly is of importance for establishing whether a

hydrogen-bonding interaction (XAH. . .Y) between a given pro-

ton donor (XAH) and proton acceptor (Y) occurs is the X. . .Y

distance. The radial distribution function (RDF) between the

N5 center within tautomer A of 5-azauracil and the O atom of

the solvent water molecules (Ow) is shown in Figure 2a. Figure

2b shows the corresponding N4. . .Ow RDF in the case of 6-AU.

The first peak seen in this RDF (marked by an arrow in Fig.

2a) implies an existence of certain population of first-shell

water molecules positioned close to the N5 center. However,

ascribing a given solvent water molecule as being “hydrogen

bonded” to the solute species only by analysis of the pair-wise

atom–atom RDFs is equivalent to imposing only a single crite-

rion for definition of a hydrogen bond—the distance criterion.

This means that if the N5. . .Ow distance is smaller than a

threshold value (e.g., the minimum between the first- and

second-shell RDF peaks, which is 3.05 Å in this case) the sol-

vent and solute species will be considered to be hydrogen

bonded. However, this is obviously not always the case. Due

to the thermal motions in the liquid, although certain solvent

molecules may approach closely the solute species, their orien-

tation may not be favorable from either energetic or orienta-

tional, that is, geometric aspect (characteristic of the hydrogen

bond interaction). It is, therefore, necessary to impose two

additional criteria to define precisely the hydrogen bond

within a liquid (thermally fluctuating medium). The necessity

for imposing the energetic criterion can be clearly seen from

Figure 3 where the solute–solvent pair-wise interaction ener-

gies are plotted against the distances between the centers of

masses of the solute and solvent molecules.

Obviously, even for very small Rcm–cm values, the pair-wise

intermolecular interaction energies may be zero or positive. To

select the energy cut-off criterion, we constructed the histo-

gram of solute–solvent pair-wise interaction energies as com-

puted from the MC potential (Fig. 4).

The singularity at E5 0 is due to the large number of weak

ion-dipolar pair interactions at large solute–solvent distances,

with the solvent molecules which are, at these distances, irreg-

ularly distributed due to thermal motions within the liquid.

However, the additional, albeit much smaller peak at lower-

energy values (with a maximum appearing somewhat below

24 kcal mol21 in the case of both compounds), corresponds

to a particular population of more strongly interacting solvent

molecules with the solute. To cut-off what is out of this partic-

ular population, we impose an energy criterion of 22.0 kcal

mol21 (the value that roughly corresponds to the minimum

between the two bell-shaped curves in the histogram on Fig.

4a; the corresponding energy value which could be deduced

from the histogram on Fig. 4b) was 23.0 kcal mol21). Of all

first-shell water molecules which satisfy both the distance and

energetic criterion for H-bond definition, we also considered

their actual orientation with respect to the solute species,

which also has to be an appropriate one in the case of H-

bonding arrangement. To define this orientation quantitatively,

we consider the distribution of the N5OwHw angles for all of

the first-shell waters satisfying the previous two criteria. The

Figure 2. The RDF between: a) N5 center of 5-azauracil and water oxygen and b) N4 center of 6-azauracil and water oxygen, computed from the equlibri-

ated MC run.
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corresponding first-shell selected angular distribution function

is given in Figure 5.

As obvious from Figure 5a, the pronounced peak at very

low angles corresponds to favorable H-bonding arrangements

of the first-shell water molecules around this particular center

(N5) of the solute species, acting as H-bonding proton

acceptor. The minimum between the two most pronounced

peaks in the considered angular distribution function is, there-

fore, a natural angular criterion for the H-bond existence (60�

in this studied case). Imposing these three criteria, leads to a

total number of 0.34 hydrogen bonds in which, on average,

the N5 center participates as a proton acceptor. As will

become clear later, such a small number of proton-donating

solvent OH groups around the N5 center are due to the com-

petitive H-bond proton-accepting center O8. Repeating the

same procedure for other H-bonding accepting (O7 and O8)

and H-bond donating centers (N1H10 and N3H11) within tau-

tomer A of 5-azauracil led to the results for the average num-

ber of H-bonds in which each particular center, which are

summarized in Table 1. Note that the much less pronounced

peak in Figure 5b, corresponds to the notably smaller average

number of H-bonds accepted by the N4 center in 6-AU (see

Table 1 and the discussion below).

If one takes a closer look at the relative values of the aver-

age numbers of donated or accepted H-bonds of the tauto-

meric form A of 5-AU in aqueous media, it appears that the

trends may be straightforwardly understood. For example, as

mentioned before, the relatively small number of H-bonds

formed with the solvent molecules in which (on average) the

N5 center acts as a proton acceptor may be attributed to the

proximity of the O8 center, which is more exposed and also a

better H-bond proton acceptor. Conversely, the larger number

of H-bonds in which (on average) the O8 center acts as a pro-

ton acceptor in comparison to the O7, one can be attributed

to the more-exposed character of the O8 center in the tauto-

mer A. At the same time, the N3H11 bond of 5-azauracil

appears to be a more efficient H-bond proton donor than the

N1H10 one, due to the presence of only one proximal oxygen

atom (the O7 center) in this case (as compared to two—O7

and O8 in the case of N1H10). Therefore, exploring the section

of the PES of the 5-AU tautomer A with four-water molecules

hydrogen bonded to the O7, O8, H10, and H11 centers as a

starting point for the water-assisted tautomerization by micro-

hydration approach appears to be justified by the hydration

behavior of this form in diluted aqueous solutions. This could,

therefore, be a good model representing the real situation in

the vicinity of tautomer A in bulk water in the course of tauto-

merization process.

Similar analyses were carried out for tautomers B and D of

5-AU. Detailed results, including all of the relevant RDF plots,

as well as plots with relevant angular distributions are avail-

able from the authors on request. The numbers of accepted

and donated H-bonds (on average) from each intramolecular

site of structures B and D are given in Table 1.

Concerning structure B and D, the same logic of populating

the explicit nearest-neighbour solvent water molecules around

Figure 3. Distribution of pair interaction energies as a function of intermolecular distance R (between molecular centers-of-mass): a) 5-azauracil and b) 6-

azauracil.

Figure 4. Histogram of distribution of pair interaction energies computed from the equilibrated MC run: a) 5-azauracil and b) 6-azauracil.
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5-azauracil as in the case of structure A was implemented. The

number of explicit waters was kept at the smallest possible

value ensuring reliable results at acceptable computational

cost. Care was also taken to ensure inclusion of additional

water molecule at the sites at which solvent molecule cluster-

ing is possible.

Analogs analyses as those carried out for 5-AU have also

been performed for all minima on the 6-AU ground-state PES

(A, B, C, and D in Fig. 1). Table 1 compiles the most important

numerical data concerning the average number of donated

and accepted hydrogen bonds on interaction with the solvent

molecules. Detailed results and plots are available from the

authors on request. The evident differences in local hydration

behavior in the case of 5- and 6-AU may be ascribed to the

differences in the solute–solvent noncovalent intermolecular

interactions due to charge redistribution on change of the

position of the additional nitrogen atom in uracil, as well as to

the accompanying steric effects.

Tautomeric equilibrium of 5-azauracil and 6-azauracil

Here, we consider the solvent effect on the tautomeric conver-

sion of 5-azauracil and 6-azauracil through a microhydration

model. In this model, the two pairs of water molecules form-

ing a cluster are situated between the two pairs of NAH and

C5O groups. The values of the free energies (DG298) for four-

hydrated complexes of dioxo and hydroxy tautomers of 5-AU

Figure 5. Histogram of distribution of the N5OwHw angles for all the first-shell waters around 5-azauracil a) and N4OwHw angles for all the first-shell waters

around 6-azauracil b) computed from the equilibrated MC run.

Table 1. The average number of H-bonds with the solvent water molecules in which each particular center within 5-azauracil and 6-azauracil participates

(either as proton donor or as proton acceptor), computed by the procedure described in the text.

Center

Average

No. of accepted H-bonds

Average

No. of donated H-bonds Center

Average

No. of accepted H-bonds

Average

No. of donated H-bonds

5-azauracil 6-azauracil

Tautomer A Tautomer A

N5 0.34 – N4 0.10 –

O7 1.13 – O7 1.15 –

O8 1.26 – O8 0.98 –

N1H10 – 0.60 N1H10 – 0.84

N3H11 – 0.74 N3H11 – 0.62

Tautomer B Tautomer B

N3 0.69 – N3 1.15 –

N5 0.85 – N4 1.02 –

O7 0.04 – O7 0.17 –

O8 1.28 – O8 2.04 –

N1H10 – 0.88 N1H10 – 0.88

O7H11 – 0.94 O7H11 - 0.17

Tautomer D Tautomer D

N1 1.40 – N1 0.50 –

N5 0.67 – N4 0.06 –

O7 1.64 – O7 1.40 –

O8 0.32 – O8 0.10 –

N3H11 – 0.83 N3H11 – 0.56

O8H10 – 0.83 O8H10 – 0.97

Tautomer C

N1 0.65 –

N4 0.02 –

O7 0.04 –

O8 1.60 –

N3H11 – 0.82

O7H10 – 0.90
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(Fig. 6) and 6-AU (Fig. 7) obtained at MP2/6–311G(d, p), C-

PCM/MP2/6–311G(d, p) and CCSD(T)//MP2/6–311G(d, p) lev-

els are given in Table 2.

5-azauracil. According to our calculations the most stable is

the complex of the 2,4-dioxo form A of 5-AU followed by the

hydrated hydroxy forms D and B at all theoretical levels. The

MP2 calculated relative free energy difference between the

four-hydrated complexes of A and D (7.59 kcal mol21) is

smaller than that between the A and B ones (9.57 kcal mol21).

Taking into account the electron correlation of higher order at

CCSD(T) level, a slight decrease of the energy differences

between A1 4H2O and B1 4H2O by 0.26 kcal mol21 and

A1 4H2O and D1 4H2O by 0.32 kcal mol21 is observed. The

opposite tendency exists when we consider a model in which

the structure of the four-hydrated tautomer is optimized tak-

ing into account the solvent as a continual polarizable

medium as compared to the bare cluster in the gas phase. A

slight increase of the differences by 0.27 kcal mol21 for

B1 4H2O and 0.92 kcal mol21 for D14H2O is observed at C-

PCM level. Due to these differences (Table 1) the populations

of species D and B are 1.6 3 1024% and 6.1 3 1026%, respec-

tively. Species C and E are more than 10 kcal mol21 less stable

than tautomer A at all computational levels and are not fur-

ther considered in our analysis.

In the case of four-hydrated complex of 5-AU, the proton

transfer activation energies for the two parallel reactions A fi
B and A fi D are very close (Fig. 6). The reaction barrier of A

fi B calculated at MP2/6–311G(d, p) level of theory amounts

to 16.50 kcal mol21, which is lower by only 0.16 kcal mol21

than that of the A fi D proton transfer reaction. When the

electron correlation of higher order is taken into acount (at

CCSD(T) level), the height of the free energy barrier for the

two tautomeric conversions is larger by 2 kcal mol21. The

exactly reversed situation is observed when the solvent effect

by C-PCM method is considered: the barriers decrease by 4.53

kcal mol21 for the A fi B reaction and by 4.02 kcal mol21 for

the A fi D reaction. Both investigated proton transfer reac-

tions involve concerted atomic movement.

TS theory was applied to estimate the rate constants k of

the reactions A fi B and A fi D using the Eyring equa-

tion. The computed rate constants k of the proton transfer

Figure 6. C-PCM/MP2/6–311G(d, p) calculated relative energies (DG298) and energy barriers (DG298
#) (kcal mol21) for the tautomeric conversions in

5-azauracil.

Figure 7. C-PCM/MP2/6–311G(d, p) calculated relative energies (DG298) and energy barriers (DG298
#; kcal mol21) for the tautomeric conversions in 6-

azauracil.
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in 5-AU are listed in Table 3. On the basis of the computed

free energy barriers of the two tautomeric reactions, the

rate constants are largest at C-PCM/MP2/6–311G(d, p) level

of theory (k5 1032104 s21). Although the constants com-

puted at MP2 (ca. 4–5 s21) and CCSD(T) (1021s21) levels

are smaller, both of these parallel tautomeric conversions

should occur. The A fi B reaction is certainly kinetically

preferenced while thermodynamic arguments give preference

to the reaction A fi D.

6-azauracil. According to results presented in Table 2, the

complex of the 2,4-dioxo form A of 6-AU is the most stable

followed by the hydrated hydroxy form D at all theoretical lev-

els. The MP2 and CCSD(T) calculated relative free energy dif-

ference between all four-hydrated complexes are very similar.

The hydrated forms of tautomers B, C, and E are close in

energy. When we consider a model in which the structure of

the four-hydrated tautomer is optimized taking into account

the solvent as medium compared to the cluster in the gas

phase, two-hydrated tautomer couples have close relative

energies—C and D and B and E (Table 2). Decrease of the

energy differences for B14H2O, C14H2O, and E14H2O is

observed at C-PCM level compared to MP2 and CCSD(T) levels.

The exception is D1 4H2O where there is no substantial

change. Due to these differences (Table 2), the populations of

the hydrated tautomers D and C are 6.6 3 1024% and 1.5

31024%, respectively.

The solvent-assisted proton transfer activation energies for

the two parallel reactions A fi B and A fi D of 6-AU (Fig. 7)

are close, but the situation is different from that for 5-AU. The

reaction barrier of A fi B calculated at C-PCM/MP2/6–

311G(d, p) level of theory amounts to 12.84 kcal mol21,

which is higher by 1.74 kcal mol21 compared to that of the A

fi D reaction. The computed rate constants k of the proton

transfer in 6-AU are listed in Table 3. The A fi D reaction is

kinetically and thermodynamically preferred as compared to

the A fi B one. The rate constant k of the A fi D reaction is

4.53 3 104 s21 and it is an order of magnitude higher than

that of the A fi B one (see Table 3). At the same time, tauto-

mer D is by 2.99 kcal mol21 more stable than tautomer B. As

the activation barrier of the reaction D fi C is only 6.11 kcal

mol21 (Fig. 7) and the respective rate constant k is 2.06 3 108

s21, it seems more probably that the two contiguous reac-

tions, A fi D and D fi C, could occur in water solution.

Conclusions

This study devoted to water-assisted proton transfer in 5-

azauracil and 6-azauracil reveals different pictures for these

two compounds. According to C-PCM/MP2/6–311G(d, p) cal-

culations, the most stable is the four-hydrated complex of the

dioxo form A (99.99%) followed by the hydrated hydroxy

forms D (1.6 3 1024%) and B (6.1 3 1026%) of 5-azauracil.

The calculated proton transfer activation energies for the par-

allel reactions A fi B and A fi D are close—11.97 kcal mol21

for the first reaction and 12.64 kcal mol21 for the second one.

Both investigated proton transfer reactions involve concerted

atomic movement. The computed rate constants are in the

range of 1032104 s21. The A fi B reaction is a kinetically fea-

sible process while the A fi D reaction is thermodynamically

preferred.

6-azauracil should exist in three forms: mainly dioxo form A

(99.99%) and two close in energy hydroxy tautomers—D (6.6

3 1024%) and C (1.5 3 1024%). As the activation barriers of

the tautomeric reactions A fi D and D fi C are calculated to

be 11.10 kcal mol21 (k5 4.53 3 104 s21) and 6.11 kcal mol21

(k5 2.06 3 108 s21), respectively, it seems probable that the

Table 2. Relative free energies, DG298 (kcal mol21), of the tautomers of

5-AU and 6-AU (Fig. 1) calculated at different computational levels.

Species

CCSD(T)/

6–311G(d, p)//

MP2/6–311G(d, p)

MP2/6–311

G(d, p)

C-PCM/MP2/6–

311G(d, p)

DG298 DG298 DG298 Population (%)

5-AU

A1 4H2O 0.00 0.00 0.00 99.999

B1 4H2O 9.31 9.57 9.84 6.1 3 1026

C1 4H2O 15.49 15.54 12.29 9.8 3 1028

D14H2O 7.27 7.59 7.91 1.6 3 1024

E14H2O 10.78 11.26 11.29 5.3 3 1027

6-AU

A1 4H2O 0.00 0.00 0.00 99.999

B1 4H2O 11.74 11.65 10.06 4.2 3 1026

C14H2O 12.26 12.01 7.96 1.5 3 1024

D14H2O 7.13 6.84 7.07 6.6 3 1024

E14H2O 13.78 13.07 10.77 1.3 3 1026

Table 3. Calculated energy barriers, DG298(in kcal mol21), for A fi B, A

fi D, and D fi C reactions in four-hydrated complexes of 5-AU and 6-

AU.

Computational level DG298 k m#

5-azauracil

A14H2O fi B1 4H2O

C-PCM/MP2/6–311G(d, p) 11.97 1.04 3 104 460.34i

MP2/6–311G(d, p) 16.50 4.98 978.78i

CCSD(T)/6–311G(d, p)/

/MP2/6–311G(d, p)

18.50 1.70 3 1021

A14H2O fi D14H2O

C-PCM/MP2/6–311G(d, p) 12.64 3.37 3 103 818.26i

MP2/6–311G(d, p) 16.66 3.80 994.91i

CCSD(T)/6–311G(d, p)/

/MP2/6–311G(d, p)

18.68 1.26 3 1021

6-azauracil

A14H2O fi B1 4H2O

C-PCM/MP2/6–311G(d, p) 12.84 2.40 3 103 726.9i

MP2/6–311G(d, p) 18.05 3.60 3 1021 1031.1i

CCSD(T)/6–311G(d, p)/

/MP2/6–311G(d, p)

20.35 7.50 3 1023

A14H2O fi D14H2O

C-PCM/MP2/6–311G(d, p) 11.10 4.53 3 104 748.8i

MP2/6–311G(d, p) 15.73 1.83 3 101 937.8i

CCSD(T)/6–311G(d, p)/

/MP2/6–311G(d, p)

18.00 3.96 3 1021

D1 4H2O fi C14H2O

C-PCM/MP2/6–311G(d, p) 6.11 2.06 3 108 553.2i

MP2/6–311G(d, p) 14.57 1.29 3 102 565.6i

CCSD(T)/6–311G(d, p)/

/MP2/6–311G(d, p)

16.29 7.10

The calculated values of barriers for the forward reactions are given.

Rate constants are in s21. Imaginary frequencies m# are in cm21.
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two contiguous reactions, A fi D and D fi C, should occur in

water solution and the hydroxyl tautomers D and C should be

coexisting with tautomer A.

Keywords: 5-azauracil � 6-azauracil � proton trans-

fer � tautomerism � ab initio
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