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The molecular structures, energetics and mechanisms of proton transfer in 9-methyl-2/N-substituted
guanines and thioguanines have been studied at the gas phase (QCISD/cc-pVDZ//B3lyp/6-31G(d,p))
and polar solvent (IEFPCM//B3LYP/6-31G(d,p)) environments. Calculations predict the height of the
proton transfer barrier for the thione — thiol reactions to be approximately 2—-3 times lower than that
for the keto — enol process. Similarly, presence of sufficiently long 2N substituent with the terminal OH
group reduces the barrier. The polar media (water) significantly stabilizes thione and keto forms. Tautomeric
concentration ratio and rate constants have also been calculated for all the considered processes.

Keywords: ab initio; 9-methyl-2N-substituted thioguanines; 9-methyl-2/N-substituted guanines; tau-
tomeric equilibrium

1. Introduction

Compounds that incorporate modified DNA base in their structures are widely used in modern
hybridization-based technologies and drug design (/). 2N-Carbamoyldeoxyguanosine or its
derivatives recently synthesized and incorporated into oligodeoxynucleotides are examples of such
species (2). These analogs are useful for the development of functional oligodeoxynucleotides
capable of a precise base recognition. In addition, 2N analogs become heavily exploited, since
N2 atom of guanine is known to be susceptible to modifications by various potential carcinogens
(3, 4). Consequently, 2N-alkyl-guanines become known as potential anti-inflammatory drugs,
A2a receptor agonists, and important intermediates in synthesis of adenosine (3, 6).

The search for new drugs demands a detailed knowledge of the effects of each modification
on the chemical properties of the novel compounds as well as their interactions with the environ-
ment. By selection of right substituent one can achieve desired biological activities. For instance,
substitution of oxygen atoms by sulfur in oxopurines may induce the ability to stabilize the DNA
(7, 8). However at the same time, thio-group may change relative stability of tautomeric forms
and enhance mutations in the DNA (9). Over the recent years, computational studies on DNA
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bases and their thio-derivatives reveal the importance of the thio-substitutions on the alteration of
properties of such modified species, including their molecular structures, tautomeric stabilities,
and proton transfer (/0-16).

Two major types of mechanism of the prototropic tautomerization in investigated heterocycles
are based on intermolecular or intramolecular proton transfer. An example of intermolecular
mechanism can be illustrated by a recent study (/7) of the dimerization of tautomeric forms
followed by double proton transfer. However, self association (formation of dimers) in this case is
due to the influence of nonpolar medium. Contrary to nonpolar media, tautomers in polar media
are able to form bonds with solvent molecules. Hence, solvent-induced double proton transfer is
also possible in polar environment (/8—21). Intramolecular proton transfer mechanism is based on
the idea that two moieties of the same molecule are acting as donor and acceptor simultaneously.
Intramolecular mechanism could be related to a single (20, 22, 23) or double proton transfer.

Both, intramolecular and intermolecular mechanisms will be discussed in the present paper. In
particular, 9-methyl-2 N-substituted guanines will be examined for thione <> thiol and keto <
enol types of tautomerization (Figure 1).

The intermolecular dimerization has been excluded from the proposed mechanisms because
of steric hindrance of the 2N substituent. Tautomeric equilibrium of selected thio-derivatives
and their parent oxopurine compounds will be characterized by the estimation of equilibrium
constants, tautomeric concentration ratio, and rate constants.

The aim of the present work is to study (i) the influence of the structural modifications on
tautomeric equilibrium and mechanism of tautomerization, and (ii) the role of the polar medium
(water) in the proton-transfer process. To gain a systematic understand of solvent effects, we will
discuss prototropic tautomerism (a) in the gas phase, (b) in a microhydrated environment with
one explicit water molecule, and (c) in a solvent by adopting the hybrid model, where the explicit
solvent and continuum model are combined.

| CHs;
R /N N
— |
- ! /
X ]
W
X
s
R, R, X Abbreviations used
Gas phase Solution
-CH3 -OH O Ikemq:.[enol Iwketo':blwennl
_(CHz),;OH ]Ikctu: IIEnuI Ilwkem‘:.Ilwennl
-CH3 -OH S Ithiﬂnez Ithinl Iwihione":blwthiol
_(CH2)40H Ilthiunezlllhiol Ithhinn22 Ilwthial
'(CH2)4SH Illthione‘:b Illthiol IIthhinncz IIthhiol

Figure 1. Systems studied. W indicates the location where the proton transfer takes place. In the IEF-PCM calculations
it also represents the position of one explicit water molecule.
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2. Computational details

The tautomeric equilibrium for 9-methyl-2 N -substituted guanines is predicted for the gas phase
and polar solution (water). All the calculations were carried out using the Gaussian 03 code (24).

2.1. Common setup

The standard 6-31G (d,p) basis set was used for geometry optimization. All geometries of minima
and transition states (TS) structures were optimized without symmetry restrictions (C; symmetry
was assumed) at the DFT (B3LYP) level of theory (25-27). The characteristics of minima and
TS were verified by establishing that the Hessians matrices of the energy second derivatives have
all real or one imaginary eigenvalues, respectively. The detailed nature of TS structures has been
determined by analyzing the motion described by the eigenvector associated with the imaginary
frequency. Only the lowest energy tautomers were considered for minima structures.
The Free energy has been calculated by standard formula

AG = AH — TAS. (1

To estimate the A H values, thermal correction to the enthalpies calculated at B3LYP/6-31G(d,p)
level were added to the calculated energies. Entropy value and thermal correction to the A H term
were calculated using the rigid rotor-harmonic oscillator approximation (28). Unless otherwise
noted, the electronic energy was calculated at the same level of theory.

The tautomeric equilibrium constants (Kt) have been calculated from the following equation:

Kt :exp(_AGT) ) (2)

RT

The A G represents the Gibbs free energy difference between thiol and thione (or enol and keto)
tautomers calculated at temperature 7' (298.15 K).

2.2. Gas phase calculations

For the gas phase study, the isolated species were considered. In addition to ‘common setup’
calculations, the electronic energies were refined by single-point calculations at the QCISD/cc-
pVDZ level of theory (29).

2.3. Microhydrated environment model

The strong solute—solvent interactions are accounted in the microhydrated environment model
(MEM) by explicit incorporation of water molecule in the first solvation shell. There are several
polar sites that are capable of forming a hydrogen bond with water. However, only few of them are
responsible for the tautomerization in given compounds. Thus, we initially located water molecule
at the vicinity of the proton transfer region W (Figure 1) and then fully optimized the molecular
structures of such species. All calculations for monohydrated tautomers and their TS are listed in
the Section 2.1.

2.4. Hybrid model

Hybrid model is the combination of the MEM and continuum approach. In this work, the integral-
equation-formalism polarizable continuum approach (IEF-PCM) (30) was employed for the
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continuum model-based calculations. Such hybrid approach allows us to investigate the combined
effect of specific and non-specific solute—solvent interactions.

Geometries of monohydrated structures from MEM were used for single-point calculations
with I[EF-PCM method at the B3LYP/6-31G (d,p) level of theory.

2.5. Methodology justification

Density Functional Theory (DFT) has proven to be a reliable and fast tool for optimization of
medium-sized organic molecules. Consequently, all geometrical parameters in this study were
optimized at the B3LYP level. However, sometimes DFT fails to reproduce correctly the exper-
imentally measured difference of energies of tautomers. According to the Piacenza and Grimme
(31) and our experiences (32), the Quadratic Configuration Interaction method with Single and
Double excitations method is reliable for prediction of energetics of systems similar to those
studied in the present work. Therefore, to refine the relative energies of the tautomers, we also
performed single-point QCISD gas phase calculations. Unfortunately, high computational demand
of the QCISD method does not allow us to use the same level of theory for the solvent calculations.

3. Results and discussion

3.1. Proton transfer and mechanism of tautomerization

As was stated before, location where proton transfer takes place is denoted by W. To gain insight
into the process at W vicinity, we modeled it in different environments.

3.1.1. Isolated systems

We found out that both R, and X substituents play an important role in the proton transfer. Short
R, group is able to participate in hydrogen bonding only in the case when there is no hydrogen
bound to N; atom (Figure 2). This means that only .o tautomer is stabilized by the hydrogen
bonding with short R, (R,=OH). The long R, substituent (R,=(CH,)4OH and (CH,)4SH) allows
OH terminal group to form two hydrogen bonds with the ring of each (Il and Ikt ) tautomer.

A slight elongation of N;—H; and C4—Og bonds as well as a decrease in the value of
ZN|—Cs—0g can be seen as a result of such double bonding in Iy, tautomer. On the other
hand, long R, chain decreases structural tension at the W vicinity of the enol tautomer. Conse-
quently, the values of /N, —C,—Nj and £N;—Cg—Og for Ilpe are bigger than the corresponding
values for I¢,01. A correlation between the length of R, substituent and the number of protons trans-
ferred at W region has been also revealed. Whereas, short R, substituent plays only a stabilization
role in the enol form, the OH terminal group of longer R, substituent is involved in the double
proton transfer. Such features lead to a difference in the type of proton transfer mechanism and
the structures of TS.

The influence of X substituent can be revealed by comparing the structures of Nieto(enol)
(Figure 2) and Niione(thioly (Figure 3), where (N = 1, 11, and III).

The difference in nature between sulfur and oxygen leads to the formation of much longer
Cs=Ss and S¢=Hg bonds than the corresponding Cs=0O¢ and O¢—Hg ones. An analysis of
Nieto(enol) and Ninione(thioly Structures reveals also an influence of X substituent on the length of
H-bonds between a long R, and the ring. Substitution of oxygen by the more bulky sulfur atom
reduces the hydrogen bond interaction between tautomers and water. The lengths of two H-bonds
increase from 1.865 and 2.02A in et to 1.861 and 2.427A in Iihione- Double substitution by
sulfur in ;0ne yields even larger bond distances (2.69 and 3.67 A). Similar pattern is observed
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Figure 2. Gas phase intramolecular single and double proton transfer mechanisms of keto—enol tautomeriza-
tion. Geometrical parameters are calculated for the proton transfer vicinity of 9-methyl-2N-substituted guanines at
B3LYP/6-31G(d,p) level.

for the corresponding enol/thiol forms. Because of such a relaxation, the values of ZN,—C,—N;|
and ZN;—Cs—S¢ in Wnione(thioly and Mlinione(mion almost approach 120°. These values for tightly
bounded Ilkeio(enory forms are 116° and 119°, respectively.

Despite the fact that structural parameters of W vicinity are affected by the nature of X sub-
stituent, the tautomerization process mainly depends on the length of R,. Gas phase calculations
suggest intramolecular single proton transfer mechanism of tautomerization for the tautomers
with R,=OH. For tautomers with R,=(CH;)4OH and (CH;)4SH, intramolecular double proton
transfer proceeds with an assistance of R, substituent.

3.1.2. Microhydrated environment model

Rich in polar sites, the 9-methyl-2 N -substituted guanines would form associates with such polar
solvent as water. There is also possibility that water from the first solvation shell could be
able to assist in the tautomerization process. The simplest model of water-induced tautomer-
ization is based on the one explicit water molecule interacting with the studied species placed
at the W vicinity. An inclusion of even one water molecule has a great impact on geometry and
tautomerization mechanisms.
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Figure 3. Gas phase intramolecular single and double proton transfer mechanisms of thione— thiol tautomeriza-
tion. Geometrical parameters are calculated for the proton transfer vicinity of 9-methyl-2N-substituted thioguanines
at B3LYP/6-31G(d,p) level.

In addition to gas phase trends correlated with the nature of X substituent, we also predicted extra
relaxation around the N, —C; bond. In particular, the /N, —O—H formed by short R, substituent
became wider as a result of microhydration (Figure 4).

In contrast to the predictions for isolated I.no and Iipior, Our calculations reveal that stabilization
of enol forms (Iwepe and Iwy,;) by water prevents the formation of hydrogen bonds between the
short R, substituent and the N; atom of the ring. An interaction of R, substituent of the Iwey



11: 55 25 January 2011

Downl oaded At:

Journal of Sulfur Chemistry 407

1202 1069

93 @
<jI.I)J 1302

) -1.897
2.493 T
2.738
X 4 5.3
T 1878 2188 e pN
2376 & Tl
1.028

Iw_ Iw TS Iw

thione thione thiol

Figure 4. MEM simulations of water-assisted intermolecular double proton transfer mechanism. Geometrical param-
eters are calculated for the proton transfer vicinity of monohydrated 9-methyl-2-(hydroxy(methyl)amino)-guanines and
thioguanines at B3LYP/6-31G(d,p) level.

with water molecule leads to widening of the /N, —O—H because of the repulsion between the
hydrogen atoms of R, and water. The same type of interaction in Iwe and in all monohydrates
with long R, (Figure 5) results in the formation of an additional hydrogen bond between R, and
oxygen of water molecule.

A slight increase in the values of /N;—Cg—Xg in all hydrated forms also provides an evidence
of relaxation caused by the interaction with water. One can assume that the effect of bulk water on
geometry of tautomers would be even more pronounced than that revealed in the case of the MEM
model. However, even such a simple, one water molecule model makes possible to reveal a trend
of changes and mechanism of tautomerization. If water molecule participates in the intermolecular
double proton transfer, there is no room for R, substituent. Water molecule behaves as donor and
acceptor of protons in all the discussed systems. Some variations exist in those species that form
three hydrogen bonds between water and the R, substituent in TS.

3.2. Thermodynamics and kinetics of tautomerization

The thermodynamical parameters of the investigated tautomerization reactions are listed in
Table 1. The energetics of the gas phase model was evaluated using B3LYP and QCISD
methods. As expected, the difference in the energy values estimated by those two methods
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Figure 5. MEM simulations of water-assisted intermolecular double proton transfer mechanism. Geometrical parame-
ters are calculated for the proton transfer vicinity of monohydrated 9-methyl-2-((4-hydroxybutyl)(methyl)amino)-guanines
and thioguanines at B3LYP/6-31G(d,p) level.
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Table 1. Gibbs free energies, activation free energies, equilibrium constants, and tautomeric concentration ratio in gas phase and in water.
Kegq, keto<>enol keto/enol or thione/thiol
AGjog.15 (kcal/mol) AG;";&1 5 (kcal/mol) or thione<>thiol concentration ratio
QCISD/ IEFPCM// QCISD/ IEFPCM// QCISD/ IEFPCM// QCISD/ IEFPCM//
B3LYP/  cc-pVDZ// B3LYP/  B3LYP/ cc-pVDZ// B3LYP/ B3LYP/ cc-pVDZ// B3LYP/ B3LYP/  cc-pVDZ// B3LYP/
6-31G B3LYP/ 6-31G 6-31G B3LYP/ 6-31G 6-31G B3LYP/ 6-31G 6-31G B3LYP/ 6-31G
dp)  6-31G(d,p) dp) (dp  6-31G(d,p) dp) dp) 6-31G(d.p) d.p) (dp)  6-31G(d,p) (d.p)
Txeto—> Tenol 1.53 2.45 33.53 36.27 7.58 x 1072 1.61 x 1072 13:1 62:1
Iketo—>enol 0.83 0.31 10.66 13.77 245 %1071 590 x 107! 4:1 2:1
Tthione — Ithiol —0.73 —6.27 26.13 25.26 3.44 3.95 x 10* 1:29 1:39455
inione—> Miniol 2.27 —1.90 11.49 12.58 2.17 x 1072 2.48 x 10! 46:1 1:24
Thione — Mlihiol —2.05 —5.64 12.81 16.35 3.20 x 10! 1.36 x 10* 1:32 1:13602
IWketo—>IWenol 297 5.90 11.31 13.07 6.66 x 1073 471 x 1073 150:1 21239:1
MWeto—> IMTWenol 5.59 6.77 10.52 12.53 8.04 x 1073 1.09 x 107> 12442:1 92000:1
IWihione— IWihiol 2.59 8.41 12.06 12.81 1.26 x 1072 6.85 x 1077 80:1 1460029:1
TIWihione = IWhiol 4.21 8.99 12.56 16.51 8.14 x 1074 255 x 1077 1229:1 3914437:1
I Whione —> IIWihiol 3.86 10.64 12.10 15.14 1.47 x 1073 1.60 x 1078 680:1 62515041:1

60y Lusnuay) nfing fo ppuinof



11: 55 25 January 2011

Downl oaded At:

410 A. Furmanchuk and J. Leszczynski

(AGqcisp—AGsg3ryp) is not uniform. While the difference in predicted AG values for Iinione/thiol
system is 5.54 kcal /mol, it amounts to only 0.52 kcal /mol for Iyt /enot- In most cases, AG values
calculated at the DFT level are above the QCISD ones. However, for Iiei/enol System, B3LYP
Gibbs free energy value is lower than that of predicted by the QCISD method. B3LYP level
activation free energies are always lower than the corresponding QCISD ones, except for the
Iihione/tiol System. Similarly to AG, the difference in AG# values for two methods varies from
—0.87 kcal/mol (for Iinione/thiol) to 3.54 kcal/mol (for Iinione/tmiol)- It is clear that DFT method
for most cases provides only a qualitative estimation of energy parameters.

Both applied methods predict high-activation energy for the direct intramolecular proton trans-
fer in the gas phase. The values of activation barrier are slightly affected by the nature of X
substituent. For example, a substitution of oxygen by sulfur changes the activation energy from
13.77 kcal /mol (for Hieto/enot) to 12.58 kcal /mol (for Hipionetmiol)- The proton transfer barriers are
approximately 50% lower for tautomers with long R, chain. Long enough R, chain assists in
proton transfer and stabilizes TS structures by H-bonding with tautomeric sites.

Inclusion of one water molecule significantly reduces the activation barriers only for Ixeio/enol
and Iiione/thiol Systems. In TS structures with short R,, water molecule assists in proton transfer
the same way as long R, does in the gas phase process. In the other systems, OH group of water
replaces a position of XH terminal group of long R, substituent. Therefore, the incorporation
of water molecule in such systems does not change significantly neither the mechanism nor the
activation barrier of proton transfer.

The simulation of bulk solvent effect (hybrid model) revealed increase in energy barriers of
tautomerization comparing to the corresponding data from MEM. Partially, such effect can be
explained in terms of dipole moment changes N Wieto(or thione) a0 N Weto(or thione) 1S Structures.
We use the results of Mulliken (33) and Lowdin (34) population analysis to calculate the dipole
moments of all considered species. Though the differences between these two approaches are
within 10%, one should rely on the fact that both methods are able to predict similar trends of
changes in dipole moments (Table 2) rather than their absolute values.

In most cases, N Wieto(or thione) tautomers are characterized by the largest dipole moments, while
the values corresponding to the TS structures are small. That means that N Wyeo(or thione) Structures

Table 2. Dipole moments (in debye) of tautomers calculated
with charges from Mulliken (Lowdin) population analysis.

n, D
MEM, B3LYP Hybrid model, IEFPCM//
Tautomer 6-31G(d,p) B3Lyp/6-31G(d,p)
IWieto 6.15 (6.41) 8.20 (8.09)
IWihione 6.94 (6.82) 10.06 (9.43)
HWieto 6.72 (7.22) 9.18 (9.09)
W hione 8.15 (7.97) 11.78 (10.85)
IWihione 8.64 (7.31) 12.68 (10.50)
IWieto TS 5.08 (5.01) 6.76 (6.35)
IWihione TS 5.83 (4.55) 8.29 (6.58)
IWieo TS 7.74 (1.91) 10.13 (9.69)
IWhione TS 8.07 (7.12) 11.00 (9.38)
IWhione TS 8.17 (6.01) 11.50 (8.55)
IWenol 4.35 (3.98) 5.76 (5.10)
IWihiol 4.48 (3.59) 5.85 (4.79)
Iwenol 5.99 (5.53) 7.87 (6.89)
IWihiol 6.78 (5.24) 8.95 (6.88)

Mwiniol 7.13 (4.50) 9.31 (6.38)
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are stabilized in polar solvent (water) compared to the NWieio(or thioney 1. Thus, stabilization
of N Wieto(or thione) Structures will reduce N Wieio(or thione) —> N Wieto(or thioney 1 transition in polar
solvents.

Dipole moment changes can be also employed for the interpretation of difference in AG values
of tautomerization obtained using the MEM and hybrid models. The NWenoi(or thiol) Structures
are less stable in bulk water environment because of smaller dipole moments. As a result, the
tautomerization Gibbs free energies increase from MEM to the hybrid model. Based on the DFT
values of equilibrium constants and tautomeric concentration ratio, we assume the predominance
of NWieto and N Weione tautomers in aqueous environment. An additional stabilization of keto
and thione tautomers by bigger R, substituent has been also predicted. Gas phase calculations of
isolated forms favor the Ny, and Nuyio tautomers. These results could be related to the nature
of X substituent. Obviously, the effects of substituents become dominant in the gas phase, where
solvent effect is lacking. Interestingly, the influence of R, substituent is less pronounced than the
effect of oxygen substitution by sulfur. Long R, substituent shifts equilibrium to the formation of
Nenol and Nyione tautomers, while the short one stabilizes the Ny, and Ny forms.

3.2.1. Rate constants

Rate constants provide important characteristics of chemical reactions. Since there are no exper-
imental data for the studied processes, in order to fill these gaps, we estimated rate constants at
298.15 K. The rate constants for the reversible first-order A— B reaction have been evaluated by
means of TS theory expression (35-37):

keT QOrs _AGY

k=#kVs exp| ———
0Oa RT

, 3)
where Qts and Q4 are the partition functions of the TS and the reactant; kg is a Boltzmann’s
constant, and 4 is a Plank’s constant; § is a symmetry number; AG(’)& is the standard molar Gibbs
energy change for the conversion of reactants into an activated complex; 7 is the temperature;
and k" indicates the corresponding Wigner tunneling correction (38, 39):

o1y L (M7 )
24 \kgT )’
where V7 is the imaginary frequency at the saddle point.

The imaginary frequencies of the TS used for the calculation of rate constants, values of Wigner
correction factors, and rate constants themselves are listed in Table 3.

Table 3. Proton transfer characteristic: imaginary vibrational frequencies of the TS at the B3LYP/6-31G(d,p) level,
Wigner tunneling correction values and quantum tunneling corrected reaction rate constants for the proton transfer
reactions.

Reaction Wiransfer (Cmil) kY kquamum (Sil) Reaction kquamum (Sil)
Tieto—> Tenol i1836 4.2756 6.90 x 10714 Lenol = Jketo 4.28 x 10712
ieto—> Megol 11491 3.1611 1.59 x 103 Henol = Mieto 2.69 x 103
Tthione— Ithiol i1610 3.5182 6.67 x 107° Tihiol = Lihione 1.69 x 10710
ihione — ihiol i1255 25316 9.35 x 10° ihiol— Mihione 3.77 x 10?
HI[hione‘)IHmiol 1748 1.5430 9.95 Hlthiol‘)Ithione 7.30 x 1074
IWketo—> IWenol 11499 3.1843 5.17 x 103 IWenol— IWieto 1.10 x 108
MWieto— IWenol i903 1.7917 7.24 x 10° MWenol— MWieto 6.68 x 108
IWihione — IWihiol i1165 2.3185 5.89 x 10° IWihiol— IWihione 8.62 x 10°
IWihione — MWhiol i1232 2.4746 1.22 x 10! IIWihiol— Wihione 4.78 x 107

IWihione = IIWhiol 1406 2.9203 1.45 x 10% 1IWihiol = I Wihione 9.07 x 10°
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The obtained data indicate that the Wigner correction factors increase the reaction rates from
1.5 to 4.3 times. It is also found that the tunneling effect is significant for the prototropic tau-
tomerism in such compounds. The comparison of the rate constants of forward (keto—enol or
hione— thiol) and backward (enol— keto or thiol— thione) reactions revealed fast and slow tau-
tomerization processes. Single proton transfer reactions (systems I and III in gas phase) approach
the equilibrium concentrations in about 10'3, 107 s (or 108, 10? days). Such reactions are not of
practical importance. In all other cases where double-proton transfer takes place, the equilibriums
are reached in a fraction of seconds (approximately 10~ to 1079 s).

4. Conclusions

A comprehensive study of the prototropic tautomerism of the 9-methyl-2 N -substituted guanines
and thioguanines has been carried out. We investigated the effect of the substituents and influence
of the polar environment on the mechanism of tautomerization and thermodynamics and kinetics
of the tautomeric equilibrium. The principal conclusions can be summarized as follows:

(1) The high energy barrier rules out the possibility of a direct intramolecular gas phase proton
transfer in the ground state of Iyeo<>lenor System. This has been already established for a
similar type of tautomers (/8, 22). Oxygen substitution by sulfur has a little effect on energy
barriers.

(2) Substitution of —OH by longer —(CH;)4OH and —(CH;,)4SH groups at 2N position decreases
the energy barriers approximately to two-fold.

(3) Aqueous environment also reduces the energy barriers approximately by half for
IWketo <> IWenol and IWihione <> IWniol tautomerization reactions. Consequently, tautomerization
mechanism changes from direct intramolecular single proton to the water-assisted double
proton transfer process. Similar pattern has been observed in other works (I8, 19). Bulk
water environment does not introduce considerable changes to the energy barriers for the
I (or HD)Wyeto—> I (or ) Wepo and I (or D) Wpione—> Il(or III)Wyyiop transitions.

(4) The calculated equilibrium constants suggest keto and thione species as predominant in the
aqueous environment. Isolated keto and thiol tautomers are the dominant species in the gas
phase.

(5) Tunneling effect is playing significant role for the studied tautomerization reactions.

(6) By varying the different substituents at 2N position, we added new characteristics to the
well-known 2N -substituted oxo and thioguanines. The substitution of oxygen by sulfur atom
in the studied tautomers may increase the probability of their mutation from keto to enol form
in the gas phase, while decrease of such probability was observed in the polar solution.
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