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Abstract A relative complete study on the mechanisms of
the proton transfer reactions of 2-thioxanthine was carried out
with density functional theory. The models were designed
with monohydrated and dihydrated microsolvent catalyses
either with or without the presence of water solvent consid-
ered with the polarized continuum model (PCM). A total
number of 114 complexes and 67 transition states were found
with the B3LYP/6-311+G** calculations. The energies were
refined with both B3LYP/aug-cc-pVTZ and PCM-
B3LYP/aug-cc-pVTZ methods. The activation energies were
reported with respect to the Gibbs free energies obtained in
conjunction with the standard statistical thermodynamics.
Possible reaction pathways were confirmed with the intrinsic
reaction coordinates. Pathways via C8 atom on the imidazole
ring, via the bridged C4 and C5 atoms between pyrimidine
and imidazole rings and via N, O and S atom on the pyrimi-
dine ring were examined. The results show that the most
feasible pathway is the proton transfers within the long range
solvent surrounding via the N, O and S atoms in the pyrimi-
dine ring with di-hydrated catalysis: N(7)H+2H,0—
IM89—-IM90—P13+2H,0—>IM91 -IM92 —»P6+
2H,0—-IM71—-IM72—P7+2H,0—-IM107—IM108 —
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P18+2H,0—->IM111—-IM112—-P19+2H,0—IM113 —
IM114—P17+2H,0—-IM105—-IM106—N(9)H+2H,O
that has the highest energy barrier of 44.0 kJ mol ™' in the
transition of IM89 to IM90 via TS54. The small energy barrier
is in good agreement with the experimental observation that 2-
TX tautomerizes at room temperature in water. In the aqueous
phase, the most stable intermediate is found to be IM21
[N(7)H+2H,0] and the possible co-existing species are the
monohydrated IM1, IM9, IM39 and IM46, and the di-
hydrated IM5, IM8, IM13, IM16, IM81, IM89, IM90, IM91
and IM106 complexes that have a relative concentration larger
than 107° (1 ppm) with respect to IM21.

Keywords Proton transfer - Solvent effects -
Tautomerization - 2-thioxanthine

Introduction

2-thioxanthine (2TX), a DNA base analog, evoked intensive
interests in recent years [1-5] mainly due to the discovery of
its valuable pharmacological properties of acting as a potential
inhibitor of E. coli Fpg protein (formamidopyrimidine-DNA
glycosylase) [2], an anticancer reagent [3, 4] and a deactiva-
tion reagent to xanthine [5]. This molecule was found easy to
isomerize with respect to a hydrogen atom transferring among
the atoms on the pyrimidine and the imidazole rings both
experimentally [6, 7] and theoretically [1]. The biological
activities are quite different for different tautomers [2]. It is
possible that there are three kinds of tautomerizations:
N(7)H—NO)H, keto—senol and thione«thiol. The experi-
ments found that the tautomers N(7)H and N(9)H are the co-
existing species in both gaseous and aqueous phase [6, 7]. The
stability order of other 12 possible tautomers were only pre-
dicted theoretically [8, 9]. The theoretical investigations also
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found that the N(7)H tautomer is more stable than N(9)H
either in the gaseous or in the aqueous phase, which is con-
sistent with the experimental observations [6, 7]. It is interest-
ing that ref. [2] revealed that only the N(9)H form exhibited
the most efficient inhibiting activity toward 2,6-diamino-4-
hydroxy-5N-methyl-formamidopyrimidine (Fapy- 7MeG)
over 17 analogs of purine compounds. Therefore, the mecha-
nism of N(7)H to N(9)H tautomerization reactions need to be
investigated in detail.

Our previous study [1] reported theoretically the reaction
mechanisms of the intramolecular proton transfer in the gas
phase, where the solvent molecule(s) or the solvent sur-
rounding was not involved, and found that there are three
paths associated with imidazole ring and nine rate-
determining barriers associated with pyrimidine ring.
However, the solvent is especially important for the hydra-
tion being a universal phenomenon in the biological pro-
cesses [10—17], and always plays the role of a catalyst
[18-25]. For example, Kastas [18] found that the solvent
media would lead the tautomerism reaction of (E)-2-[(4-
fluorophenyl)iminomethyl]-5- methoxyphenol to occur eas-
ier than in the gas phase using FT-IR spectrum and UV-vis
absorption spectra. Iglesias [19] observed that the activation
energy for the ketonization reaction decreases for the keto-
enol tautomerism of 2-acetylcyclohexanone(ACHE) in wa-
ter. Even for the reduction reaction of the simple molecule
formic acid, Shen et al. [20] found that water molecules
might participate as a catalyst in the transition state by
forming a hydrogen-bond ring network. Theoretically, Ahn
et al. [22] found that the participation of water molecule in
the tautomerization of purine will dramatically lower the
reaction barrier. It is interesting that their work also found
that two or three water molecules reduce the activation
energy by almost the same magnitude. Kim et al. [23] found
that one or two water molecules (as microsolvation) will
tremendously decrease the barrier of the tautomerization of
adenine. Similarly, Okovytyy et al. [24] found that one or
two ethanol molecules can reduce the barriers of the
tautomerization reactions of 1,3-dihydro-2H-1,5-
benzodiazepin-2-ones (or -2-thiones) but the bulk of solvent
does not substantially change the barriers or the equilibrium
constants for the ethanol-assisted reactions. In the present
molecule, Yuan et al. [25] reported that one water molecule
may result in different hydrated 2-thioxanthine (2TX)
N(7)H complexes with different stabilities. In contrast in
some cases, water molecule would not always accelerate
the reaction. For example, Balta et al. [26, 27] found that
the activation energy of the proton transfer of glycine in the
presence of water molecules is higher than that of the
isolated molecule.

Obviously, it is interesting to examine the tautomerization
reaction mechanisms within solvent surroundings and to look
into the insights of the reaction pathways. To our knowledge,

@ Springer

the water-assisted proton transfer reaction mechanisms for the
2-thioxanthine tautomerizations (i.e., reaction paths and the
energy barriers) have not been studied experimentally or
theoretically.

The present work will carry out a theoretical study on the
intramolecular proton transfer reactions of 2TX in
monohydrated and dihydrated forms to determine the reac-
tion energy barriers and try to explore all the possible paths
of the reactions. The long-range solvent effects will also be
examined.

Computational details

All the calculations were performed by using the Gaussian-
09W program [28] and the density functional theory (DFT)
of B3LYP method [29] was chosen. This is due to the
functional has been widely used in the study of tautomer-
isms of heterocyclic compounds to provide the correct mo-
lecular geometries, activation energies and energy
differences between pairs of tautomers [30—33]. The long-
range solvent effects will be involved by employing the
polarized continuous model (PCM) [34-38].

All the geometries of the reactants, transition states (TS),
intermediates and the products were optimized with
B3LYP/6-311+G** [29]. Frequency analyses at the same
level of theory were followed with the optimized geometries
to determine the harmonic vibrational frequencies and to
confirm the structure being a stable species (without imag-
inary frequency) or a transition state (with solely an imag-
inary frequency). The intrinsic reaction coordinates (IRC)
for both forward and reverse directions started at each TS
were also searched to confirm the correct connections. The
molecular energies were further refined with a higher level
(larger basis sets) method B3LYP/aug-cc-pVTZ by using
the B3LYP/6-311+G** geometries. The geometries of the
microsolvent models would also be approximately used in
the solution due to difficulties of convergence would always
be encountered in the geometry optimizations of a TS within
the PCM model. This treatment was tested with the energies
of a path, P(4) as being discussed in the next section, and the
results show that the two energy barriers in the path are
slightly different by only 3.4 and 6.2 kJ mol '. Actually,
investigations have also shown similar negligible difference
on the molecular structure in the long-range solvent
[30-33].

The standard (100 kPa) Gibbs free energies of the 114
complexes and 67 transition states at 298.15 K were evalu-
ated in conjunction with the standard statistical thermody-
namics by using the B3LYP/6-311+G** geometries and the
scaled (by a factor of 0.9688 [39] ) frequencies. The Gibbs
free energy in the solution is directly obtained from the
PCM calculations. Figure 1 illustrates the atomic numbering
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Fig. 1 Atomic numbering and
the structure of N(7)H and
N(9)H tautomers of 2-
thioxanthine
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of the N(7)H and N(9)H tautomers, which is consistent with
that in refs. [1, 8, 9] for the convenience of compassions.

Results and discussion

The relative Gibbs free energies for the species of mono-
and di-hydration reactions both for the microsolvent models
and in the aqueous phases are listed in Tables 1, 2, 3, 4 and
5. The calculated electronic energy and Gibbs free energy
are given in Supplement 1, 2 and 3. The zero point energy,
electronic energy, relative energy and the imaginary fre-
quency of the transition state are summarized in
Supplement 4, 6 and 7. The stable Gibbs energy of eleven
monohydrated and di-hydrated relative species are shown in
Supplement 5.

Proton transfer via C8 tetrahedral complexes
in the imidazole ring

Pathway P(1) P(1) is associated with one water molecule as
shown in Fig. 2 within which panel (a) is the evolution of
the molecular structures and (b) is the energy profile.

A water molecule interacts first with the isolated reactant
2TX (denoted as N(7)H) to produce an intermediate IM1
with the formation of two intermolecular hydrogen bonds.
One of these bonds is between O11 and H17 with a distance
of 1.871 A and the other is between H12 and O16 with
1.862 A. In IM1, the O16 and H17 atoms of the water
molecule are almost in the molecular plane of N(7)H. It is
shown in Table 1 that IM1 is the most stable complex in the
mono-hydrated pathway P(1), which is consistent with the
prediction of ref. [25]. This process is associated with an
energy (Gibbs free energy at 298.15 K) release of 14.2 kJ
mol . It is notable that the relative thermodynamic energy
at 0 K is 41.3 kJ mol ™' (Supplement 4), a typical value of
two hydrogen bonds.

The next step is that the water molecule moves onto the
imidazole ring above N7-C8 bond from the purine ring
plane and forms a five-member ring transition state TSI
with an energy barrier of 268.8 kJ mol . It is clear by
examination of the normal mode of the imaginary vibration
that a concert double proton transferring mechanism is
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followed. The hydrogen atom H18 in the water molecule
transfers onto the C8 atom and the hydrogen atom H12
attaching N7 of the imidazole ring shifts onto the O16 atom
of the water molecule. The larger activation energy should
mainly be from the bond breaking of the N7-H12 bond,
which is the key step in the tautomerizations. However, this
barrier is higher than the value 209.9 kJ mol ' obtained
previously with the G3(MP2) [1] calculations without the
existence of the water molecule, implying that the pathway
P(1) is less feasible.

Once TS1 is formed, an intermediate IM2 may be pro-
duced with an energy release of 148.4 kJ mol . In this
process, C8 atom in IM2 is saturated with four sp’—type
bonds (i.e., two C-H and two C-N single bonds) associated
with the formation of a hydrogen bond between N7 and H12
atoms with the distance of 2.041 A. IM2 is actually a
complex of a water molecule and an unstable tautomer of
2TX that is 100.7 kJ mol ™' higher in energy than the
reactant.

The water molecule would spontaneously dissociate from
the complex to produce tautomer Pl due to a negative
(—5.5 kJ mol ") Gibbs free energy change. This process is
associated with a thermodynamic energy (at 0 K) increase of
15.3 kJ mol™'. Obviously, the dissociation of the water
molecule is a process of increasing entropy that will result
in a decrease of the Gibbs free energy.

Additional tautomerization of P1 is possible where a
water molecule may interact with P1 and form a hydrogen
bond between N9 and H12 (with a distance of 2.029 A) to
produce a complex IM3. This process is associated with a
decrease in energy (—13.6 kJ mol ') but slightly increase in
Gibbs free energy (6.9 kJ mol ") due to entropy decreasing.

IM3 may isomerize into IM4 via another five-member
ring (C8-N9-H12-O16-H17) transition state TS2 with an
energy barrier of 163.5 kJ mol . In TS2, the water molecule
is located above the plane of the imidazole ring and the H17
atom interacts strongly with the O atom of the water mole-
cule that leads to the breaking of the C8-H17 bond. The H12
atom of the water molecule interacts strongly with the N9
atom and finally forms a N9-H12 bond that results in the H
transfer. This is a process of H exchange with the assistant
of the water molecule (i.e., bonding H17 and releasing
H12). At this point, an expected intermediate should be
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formed. However, the IRC calculations failed to terminate.
Instead, the water molecule attaching H12 moved signifi-
cantly toward H14 to form the stable complex, IM4, a
complex of the aimed product N(9)H and a water molecule
combined by two hydrogen bonds with a thermodynamic
energy of 28.1 kJ mol™" at 0 K. The Gibbs free energy of
IM4 is 48.0 kJ mol " higher than the reactant complex IM1
(Table 1 and Supplement 5) that predicts IM4 can only be in
a low concentration of 3.9x10 7 at 298.15 K estimated with
AG=—-RTInK; in case the concentration of IM1 is 1, the
reference value. However, the concentration is increased to
1.8x10™* (AG=21.4 kJ mol') by considering the long
range solvent indicating that IM4 can coexist with IM1 if
no other even more stable species can be found. However, in
the later discussions, the energy of the two water reference
(IM21) is found 19.7 kJ mol ™" lower than that of IM1. This
corresponds to the relative concentration of IM1 being 3.5 x
10~* implying that IM1 can also be observable in the exper-
iment, but that of IM4 being 6.3x10® (e.g., less than
1 ppm), a difficult value to be detected.

Figure 2 also shows that the water molecule may easily
leave IM4 with a small increase of the Gibbs free energy of
3.5 kI mol™! (or an internal energy of 28.1 kJ mol ™' as
presented above) to produce the isolated N(9)H tautomer.

These results indicate that the rate-determining step of the
pathway P(1) is the transition of IM1 to TS1 that has a
higher activation energy barrier of 268.8 kJ mol ', After
considering the long-range solvent effect using the PCM
model, this value is reduced to 216.6 kJ mol ', showing
that the long-range solvent effect may play an important role
in the tautomerization reactions.

Table 1 Relative Gibbs free energies (AG in kJmol ' at 298.15 K)?
for the species of mono- and di-hydration reactions for P(1) and P(2)
calculated with B3LYP/Aug-cc-pVTZ//B3LYP/6-311+G**

Pathway P(2) P(2) is a similar process as P(1) but is asso-
ciated with two water molecules as shown in Fig. 3.

Two water molecules may first interact with the isolated
reactant N(7)H to produce a complex intermediate IMS with
the formation of three intermolecular hydrogen bonds. One
is between the two water molecules and two are between the
mother molecule N(7)H and a water molecule. The dis-
tances are within the region of a typical hydrogen bond,
ie., 1.889 A for 020-H18, 1.976 A for O11-H17 and
1.782 A for O16-H12. The data in Table 1 also show that
IMS5 is the most stable species in the di-hydration com-
plexes. Its formation is associated with a Gibbs free energy
release of 7.8 kJ mol™' at 298.15 K. As has been expected
that the relative thermodynamic energy at 0 K is 55.6 kJ
mol ™' (Supplement 6), also a typical value of the summation
of three hydrogen bonds.

The following step is that the two water molecules move
onto the imidazole ring above N7-C8 bond from the purine
ring plane and form a seven-member ring transition state
TS3 with an energy barrier of 202.5 kJ mol™'. The normal
mode of the imaginary vibration corresponds to a concert
triple proton transfer mechanism where the hydrogen atom
H19 in one water transfers onto the C8 atom and the hydro-
gen H12 attaching N7 of the imidazole ring shifts onto the
016 atom of another water molecule. The barrier is lower
than that (268.8 kJ mol™') in pathway P(1), showing that
two water molecules facilitate the proton transfer and effec-
tively catalyze the process.

Following TS3, an intermediate IM6 may be produced
with an energy release of 81.7 kJ mol . In this process, the
C8 atom in IM6 is again saturated with four sp*-type bonds
(similar to that in P(1)) associated with the formation of
three hydrogen bonds between the two water molecules and

Table 2 Relative Gibbs free energies (AG in kJ mol ! at 298.15 K)?
for the species of mono- and di-hydration reactions for P(3) and P(4)
calculated with B3LYP/Aug-cc-pVTZ//B3LYP/6-311+G**

Mono-hydrated ~ AG® Di-hydrated AG° Mono-hydrated ~ AG® Di-hydrated AG°
N(7)H+H,0 0.0 (0.0) N(7)H+2H,0 0.0 (0.0) N(7)H+H,0 0.0 (0.0) N(7)H+2H,0 0.0 (0.0)
M1 “142(-79)  IM5 ~78(-183)  IM9 9.6 (0.0) IM13 9.8 (-15.8)
TS1 254.6 (208.7) TS3 194.7 (159.5) TS5 229.7 (208.5) TS7 169.5 (104.8)
M2 1062 (124.7)  IM6 113.0 (113.1)  IM10 1315 (1147)  IM14 111.8 (85.2)
P1+H,0 100.7 (126.5)  P142H,0 100.7 (126.5)  P2+H,0 133.1 (111.3)  P2+2H,0 133.1(111.3)
M3 107.6 (123.4) M7 114.2 (110.8) M11 137.6 (114.0) IM15 123.2 (85.5)
TS2 271.1 (218.1) TS4 209.8 (151.3) TS6 252.0 (215.8) TS8 186.4 (105.8)
M4 338 (135  IM8 17.5 (4.2) MI2 39.9 (8.0) IM16 39.8 (—4.3)
N(9)H+H,0 373(126)  NOH+2H,0 373 (12.6)  NOH+H,0 373(126) NOH+2H,0 373 (12.6)

? Energy in the parentheses is for the aqueous phase

®Relative Gibbs free energy with respect to N(7)H+H,O for mono-
hydration

°Relative Gibbs free energy with respect to N(7)H+2H,O for di-
hydration
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? Energy in the parentheses is for the aqueous phase
®Relative Gibbs free energy with respect to N(7)H+H,O for mono-
hydration

“Relative Gibbs free energy with respect to N(7)H+2H,O for di-
hydration
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Table 3 Relative Gibbs free energies (AG in kImol " at 298.15 K)?
for the species of mono- and di-hydration reactions for P(5) and P(6)
calculated with B3LYP/Aug-cc-pVTZ/B3LYP/6-311+G**

Mono-hydrated ~ AG® Di-hydrated AG*

N(7)H+H,0 0.0 (0.0) N(7)H+2H,0 0.0 (0.0)
M1 ~143 (-7.9) M2l ~20.2 (-27.6)
TS9 2374 (204.5)  TSI2 183.8 (135.3)
IM17 1254 (133.6)  IM22 123.4 (117.3)
P3+H,0 117.6 (129.8)  P3+2H,0 117.6 (129.8)
IM18 1262 (1322)  IM23 127.8 (134.2)
TS10 261.9 (250.5)  TSI3 262.3 (251.0)
IM19 181.4 (193.7)  IM24 183.1 (196.1)
P4+H,0 171.1 (189.7)  TS14 287.0 (265.4)
IM20 181.1 (196.6)  IM25 20.8 (8.7)
TS11 2872 (2632) NOH+2H,0  37.3 (12.6)
M4 33.8 (13.5)

N(9)H+H,0 37.3 (12.6)

*Energy in the parentheses is for the aqueous phase

®Relative Gibbs free energy with respect to N(7)H+H,O for mono-
hydration

“Relative Gibbs free energy with respect to N(7)H+2H,O for di-
hydration

the product P1 with the distances of 2.210, 1.867 and
1.979 A. IM6 is also a complex of two water molecules
and an unstable tautomer P1 which is the same as that in
PQ).

The water molecules would also spontaneously leave the
complex to produce the tautomer P1 due to a negative
(—12.3 kJ mol ") Gibbs free energy change. This process
is associated with a thermodynamic energy (at 0 K) increase
of 37.9 kJ mol .

Similar to P(1), an additional tautomerization occurs
where the two water molecules may also interact with P1
and form three hydrogen bonds with the distances of 2.204,

Table 4 Relative Gibbs free energies (AG in kJmol ' at 298.15 K)®
for the species of mono- and di-hydration reactions for P(7) and P(8)
calculated with B3LYP/Aug-cc-pVTZ//B3LYP/6-311+G**

Mono-hydrated ~ AG® Di-hydrated AG°®

N(7)H+H,0 0.0 (0.0) N(7)H+2H,0 0.0 (0.0)
M1 ~142(-79)  IM5 ~7.8 (-18.3)
TS15 251.0 (199.9)  TS16 176.2 (94.5)
M4 33.8(13.5)  IMS 17.5 (4.2)
N(9)H+H,0 373 (126)  N@OH+2H,0 373 (12.6)

?Energy in the parentheses is for the aqueous phase
®Relative Gibbs free energy with respect to N(7)H+H,O for mono-
hydration

°Relative Gibbs free energy with respect to N(7)H+2H,O for di-
hydration

1.875 and 1.921 A to produce a complex IM7. This process,
again, is associated with a decrease in energy (—36.7 kJ
mol™") but an increase in Gibbs free energy (13.5 kJ
mol ') due to the decrease of entropy.

IM7 may isomerize into IM8 via another seven-member
ring (C8-H19-020-H18-O16- H12-N9) transition state TS4
with an energy barrier of 95.6 kJ mol™'. In TS4, the two
water molecules are located above the plane of the imidaz-
ole ring and H19 interacts strongly with the O20 atom of a
water molecule that leads to the breaking of the C8-H19
bond. The H12 atom in another water molecule interacts
strongly with the N9 atom and forms a N9-H12 bond. This
is also a process of H exchange with the assistant of the two
water molecules (i.e., bonding H19 and releasing H12). The
water molecule attaching H19 moves significantly toward
H14 and S10 atoms and another water molecule attaching
H12 also moves significantly toward H12 and H14 atoms to
form the stable complex, IM8, a structure of four hydrogen
bonds.

At the end of Fig. 3, the profile shows that the two water
molecules may leave IM8 with an increase of the Gibbs free
energy by 19.8 kJ mol ™' (or an internal energy by 70.1 kJ
mol ") to produce the isolated N(9)H.

The rate-determining step in the pathway P(2) is the
transition of IM5 to TS3 that has a relatively higher activa-
tion energy barrier of 202.5 kJ mol . The barrier will be
reduced to 177.8 kJ mol ™' by considering the long-range
solvent effect, showing that the long-range solvent also has
an important effect on the tautomerization reaction energies.

Proton transfer via C8 carbene complexes in the imidazole
ring

Pathway P(3) P(3) is the transfer via C8 carbene and is
associated with one solvent molecule as shown in Fig. 4.

A water molecule is first combined with the isolated
reactant N(7)H to produce an intermediate IM9 with the
formation of two intermolecular hydrogen bonds. One of
which is between N9 and H17 with a distance of 2.079 A
and the other is between H13 and 016 with 2.634 A. In
IM9, the O16 and H17 atoms of the water molecule are
almost in the molecular plane of N(7)H. It is shown in
Table 2 that IM9 has a small positive relative Gibbs free
energy (9.6 kJ mol ') but has a negative relative energy
(—13.3 kJ mol " at 0 K) as provided in Supplement 4 due to
the decrease of entropy.

In the formation of TS5, the C8-H13 and O16-H17 bonds
would be elongated by 0.343 A and 0.315 A, and the N9...
H17 and O16...H13 bonds would be shortened by 0.835 A
and 1.417 A with an energy barrier of 220.1 kJ mol™" that
has an almost planer five-member ring. The imaginary vi-
bration shows that the TS proceeds a concerted double
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Table 5 Relative Gibbs free energies (AG in kImol™" at 298.15 K)?
for the species of mono- and di-hydration reactions via the O, S and N

Table 5 (continued)

atoms of pyrimidine ring calculated with B3LYP/Aug-cc-pVTZ// Mono- AGgs" Di-hydrated  AGg,"
B3LYP/6-311+G** hydrated
Mono-  AG," Di-hydrated =~ AGg,s" IM53 44.9 TS58 113.1(57.3) [32.2]
hydrated M54 58.1 IM97 333
NOH+ 00 NOHA 0.0 TS34 105.4(47.3)[16.6]  IMO98 56.8
H,0 21,0 M55 29.4 TS59 109.4 (52.6) [-5.8]°
M1 -14.2 TS43 61.9 (82.0) [47.4] IM56 76.8 M99 71.8
TS17 60.6 (74.8)[58.0] IM68 42.5 TS35 105.4 (28.6) [16.3] TS60 112.2 (40.4) [18.2]
IM26 43.7 IM69 65.2 M57 67.8 IM100 84.7
M27 75.6 TS44 129.6 (64.4) [33.2] M58 54.7 M101 52.4
TS18 159.0 (83.4) [60.4] IM70 59.3 TS36 114.1 (59.4) [39.1] TS61 111.0(58.6) [25.6]
IM28 74.8 IM71 79.1 IM59 43.6 IM102 34.7
IM29 78.8 TS45 149.4 (70.3) [42.3] TS37 140.0 (72.2) [34.9] IM103 70.0
TS19 135.5 (56.7) [52.3] IM72 74.5 IM60 78.0 TS62 151.1 (81.1) [18.1]
IM30 68.0 IM73 74.6 IM61 78.6 IM104 65.9
IM31 76.5 TS46 1492 (74.6) [35.6] ~ TS38 125.4 (46.8) [28.4]  IM105 68.8
TS20 148.7 (72.2) [55.0] IM74 112.1 IM62 39.9 TS63 113.2 (44.4) [14.2]
M32 109.5 IM75 84.3 TS39 100.6 (32.6) [18.0] IM106 343
IM33 79.9 TS47 153.2 (68.9) [45.2] IM63 70.4 IM107 73.4
TS21 146.7 (66.8) [41.1] IM76 113.7 IM64 49.8 TS64 106.1 (32.7) [27.4]
IM34 1154 IM77 82.7 TS40 98.9 (49.1) [36.9] IM108 62.1
M35 97.6 TS48 135.2 (52.5) [37.0] IM65 71.4 IM109 55.8
TS22 161.6 (64.0) [56.0] IM78 45.9 TS41 147.4(76.0) [36.1] TS65 95.7 (39.9) [33.6]
IM36 554 M79 77.0 IM66 87.1 IM110 75.9
M37 91.6 TS49 132.3 (55.3) [30.6] M67 90.3 IM111 72.9
TS23 160.3 (68.7) [51.6] IM80 45.1 TS42 136.6 (46.3) [37.6] TS66 159.3 (86.4) [19.6]
IM38 56.8 IM81 5.9 IM112 73.9
IM39 4.8 TS50 100.6 (94.7) [61.1] IM113 96.6
TS24 101.6 (96.8) [79.9]  IMS82 68.4 TS67 125.7 (29.1) [33.5]
M40 68.2 IM83 44.5 M114 82.3
M41 53.0 TS51 120.0 (75.5) [47.7]
*Relative Gibbs free energies of all mono- and di-hydrated complexes
TS25 111.1 (58.1) [49.5 IM84 81.8
(58.1) [49.51 are given relative to N(7)H+H,O of P(1) and N(7)H+2H,O of P(2),
M42 72.1 M85 57.3 respectively. Free energy barriers of reactions are given in parenthesis
TS26 173.1 (101.0) [67.8]  TS52 146.5(89.2) [43.1] and the results in PCM model are given in the middle bracket
M43 115.2 IM86 98.5 ® The negative energy barrier, —5.8 kimol™' should be from the com-
IM44 93.0 M87 83.7 putational errors since the PCM model does not re-optimize the struc-
TS27 114.6 21.6) [27.2]  TS53 122.5 (38.8) [28.9]  ures of the molecules
IM45 48.7 IM88 52.5
He A MS9 2 ton transfer where the hydrogen H17 in the water t
roton transfer where the rogen in the water trans-
TS28 119.7 (115.4) [74.6]  TS54 92.6 (93.9) [44.0] P yarog .
fers onto the N9 atom and the atom H13 attaching C8 of the
M47 76.1 IM90 54.1 .. . .
imidazole ring shifts onto the O16 atom of the water mole-
IM48 67.3 IM9I1 57.9 . . .. R
TS99 102.6(35.3) [324] TS5 103.8(45.9) [22.5] cule. It is shown that this transition has a larger activation
V49 ol 6 ’ ’ M2 625 ’ ' energy. However, this barrier is lowered by 86.1 kJ mol '
’ ) from that (306.2 kJ mol ') without the existence of the water
IM50 101.5 IM93 105.0 . . . .
molecule obtained previously [1], implying that one water
TS30 181.2 (79.7) [77.7] TS56 197.7 (92.7) [70.2] . . . .
molecule would dramatically catalyze the reaction in this
IM51 129.8 M94 133.3 pathway (pathway P(3)), but it is still less feasible due to the
TS31 98.5 (49.8) [37.1] TS57 84.3(31.8) [34.9] high barrier of 220.1 kJ mol ™.
M52 o738 IM95 759 Intermediate IM10 may be produced following TS5 with
TS32 116.4 (58.6) [39.4]  IM96 55.8
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an energy release of 98.2 kJ mol ™. IM10 is a complex of a
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Fig. 2 Reaction pathway P(1) H17 SHIS
for one water molecule assisted 18710 @016 }jz
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in the square brackets is for the d '
aqueous phase
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TS2(271.1)[218.1]
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[124.7]
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(100.7)[126.5] NOH +H,0
(37.3)[12.6]

N(7)H+H,O
(0.0)[0.0]

IM1(-14.2)[-7.9]

water molecule and an unstable tautomer of 2TX that is
133.1 kJ mol " higher in energy than the reactant N(7)H.
The water molecule would possibly leave the com-
plex to produce a tautomer P2 by absorbing a very
small positive (1.6 kJ mol™') Gibbs free energy. This
process is associated with a thermodynamic energy (at
0 K) increase of 27.4 kJ mol ' where the dissociation

IM4(33.8)[13.5]

(b) energy profile

of the water molecule is a process of increasing entropy
that resulted in a decrease of the Gibbs free energy.
Further tautomerization is proceeded that a water mole-
cule may again interact with P2 and form two hydrogen
bonds between C8...H13 and H12...016 (with the dis-
tances of 2.152 and 2.204 A, respectively) to produce a
complex IM11. This is associated with a decrease in energy
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Fig. 3 Reaction pathway P(2)
for two water molecules
assisted proton transfer
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(—21.2 kJ mol™") but slight increase in Gibbs free energy
(4.5 kI mol ).

IM11 may isomerize into IM12 via another five-
member ring (C8-N7-H12-O16-H13) transition state
TS6 with a barrier of 114.4 kJ mol ' in which the
water molecule is almost in the plane of the imidazole
ring except for H18. The N7-H12 and O16-H13 bonds
are elongated by 0.227 A and 0.275 A while the CS...
H13 and O16...H12 bonds are shortened by 0.766 A
and 0.911 A, respectively. The normal mode of the
imaginary vibration indicates that the dissociation of
TS6 follows a concerted double proton transferring
mechanism where the atom H13 in the water transfers
onto C8 atom and the H12 attaching N7 of the imidaz-
ole ring shifts onto O16 of the water. This is also a H
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(b) energy profile

exchange with the assistance of the water molecule (i.e.,
bonding H13 and releasing H12). In this transition, the N7-
H12 and O16-H13 bonds are broken and the bond angle of
C8- N7-H12 is reduced largely by 22.3°. The formation of
IM12, a complex of a water molecule and the product N(9)H,
is associated with an energy release of 183.5 kJ mol .

Finally, the water molecule will easily leave IM12
with a small decrease of the Gibbs free energy of 2.6 kJ
mol ! (or an internal energy increase of 17.9 kJ mol )
and the isolated N(9)H tautomer is produced.

These results indicate that the rate-determining step of the
pathway P(3) is the transition of IM9 to TS5 that has a higher
activation energy barrier of 220.1 kJ mol . After considering the
long-range solvent effect using the PCM model, this value is
slightly reduced to 208.5 kJ mol .
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Fig. 4 Reaction pathway P(3) ® .
for one water molecule assisted % JH12 i d
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In this pathway, the relative Gibbs free energies of the
complexes IM9 and IM12 are 23.8 and 54.1 kJ mol ' with
respective to IM1 (Supplement 5) predicting that the relative
concentrations of IM9 and IM12 are 6.8x107> and 3.3
1077 at 298.15 K. Although the relative concentrations of
those may be increased into 4.1x10 % and 1.6x10° in the
aqueous phase with respective to IM1, only IM9 can be
observable that has a relative concentration larger than
1 ppm with respect to the most stable IM21 (Supplement 5).

P2+H,0
(133.1)[111.3]

IM10 (131.5) TM11(137.6)[114.0]
[114.7]

NOH +H,0
(37.3)[12.6]

IM12(39.9)[8.0

(b) energy profile

At this point, the importance of the long range solvent
effects reminds us of the choice of the computational
methods. As an examination for the barrier of TS6, the
PCM model resulted in a smaller value of 101.8 kJ
mol ™! compared with that 114.4 kJ mol™' without the
effects. The CPCM model [40, 41], interestingly,
reproduced exactly the same result as PCM while a
recently proposed SMD model [42] resulted in a slightly
larger value of 105.6 kJ mol™' that has a deviation of
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3.8 kJ mol™' (or less than 1 kcal mol™') from PCM.
Therefore, further study will employ only the PCM
model.

Pathway P(4) P(4) is the pathway similar to P(3) but is
associated with two water molecules as shown in Fig. 5.
IM13 is the complex of two water molecules and the
isolated reactant N(7)H that has three intermolecular
hydrogen bonds between N9 and HI19 in 1.942 A,
018 and H17 in 2.634 A and between O16 and HI13
in 2.136 A. The 016, H17, O18 and H19 atoms of the
two water molecules are almost co-planer with N(7)H.
Data in Table 2 show that IM13 has a small positive
relative Gibbs free energy (9.8 kJ mol™') with respect to
N(7)H+2H,O while those in Supplement 6 show that

IM13 has a negative relative energy (—40.7 kJ mol "),
implying a significant decrease of entropy.

The C8-H13, O16-H17 and O18-H19 bonds in IM13
may be elongated by 0.154 A, 0.429 A and 0.529 A, and
the O16...H13, O18...H17 and N9...H19 bonds may be
shortened by 0.778 A, 0.772 A and 0.847 A, respectively, to
produce an almost planer seven-member ring transition state
TS7 with an energy barrier of 159.7 kJ mol . This process
is a concerted triple proton transfer as shown by the normal
mode of the imaginary vibration that the hydrogen atom
H19 in one water molecule transfers onto the N9 atom and
the hydrogen atom H13 attaching C8 of the imidazole ring
shifts onto the O16 atom of the water molecule. The activa-
tion energy is 60.4 kJ mol " lower than that (220.1 kJ mol ")
in pathway P(3), implying that two water molecules

Fig. 5 Reaction pathway P(4) S @
for two water molecule assisted 'S 21.084 Y 2
proton transfer tautomerization 4 @ - ] e o o 9 - ] 1238
processes of 2-thioxanthine via NOHL2H,0—= 5 o csPply 2'13816 ¢ o ") & o
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and is the Gibbs free energy at 0579 1.853 ) .JI-OSI
298.15 K obtained with IM13 TS7
B3LYP/aug-cc-pVTZ//B3LYP/
6-311+G**. The energy in the °
parenthesis is for the 2 4
microsolvent model and that in 2 ? 9 ? o @ 18 .(‘)}918;1
the bracket is for the aqueous D 1.944 9. 10307
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TS7 (169.5)[104.8]

IM13(9.8)[-15.8]
N(7)H+2H,0
(0.0)[0.0]

@ Springer

P2+2H20
(133.1)[111.3]

IM14 (111.8)
[85.2]

IM16(39.8)[-4.3] N(9)H +2H,0
(37.3)[12.6]

(b) energy profile



J Mol Model (2013) 19:3279-3305

3289

dramatically decreased the ring tension (i.e., from five-
member to seven-member) and would catalyze the reaction.
After TS7, intermediate IM14 may be produced with an
energy release of 34.3 kJ mol . The two water molecules
in IM14 would leave the complex to produce a tautomer P2
by absorbing 21.3 kJ mol™' of the Gibbs free energy or
74.1 kI mol™" (at 0 K) of the thermodynamic energy.

Two water molecules may again interact with P2 at other
sites and produce three hydrogen bonds between C8 and H13,
018 and H17, and O16 and H12 with the respective distances
0f1.957,1.811 and 1.829 A to produce a complex IM15. This,
again, is associated with a significant decrease of energy
(—63.0 kJ mol ") and slight decrease of Gibbs free energy
(—9.9 kJ mol ).

IM15 may isomerize into IM16 via another seven-member
ring (C8-N7-H12-0O16-H17-O18-H13) transition state TS8
with an energy barrier of 63.2 kJ mol !, where the two water
molecules are almost in the plane of the imidazole ring. The
N7-H12, O16-H17 and H13-O18 bonds are elongated by
0.076 A, 0.100 A and 0.436 A, and the C8-H13, O18-H17
and 016-H12 bonds are shortened by 0.744 A, 0.406 A and
0.341 A, respectively. This is a concerted triple proton transfer-
ring reaction where the H13 atom in one water molecule trans-
fers onto C8 atom and the H12 atom attaching N7 of the
imidazole ring shifts onto O16 of another water molecule.
This is also a process of H exchange with the assistant of the
two water molecules (i.e., bonding H13 and releasing H12).
TS8 may easily transform into intermediate IM16, a complex of
two water molecules and the product N(9)H, with an energy
release of 121.5 kJ mol ', The water molecules will spontane-
ously leave the complex IM16 due to a decrease of 2.5 kJ mol
of the Gibbs free energy (that has an increase of 48.0 kJ mol ™’
of the thermodynamic energy) to produce the N(9)H tautomer.

These results indicate that the rate-determining step of the
pathway P(4) is the transition of IM13 into TS7 that has an
energy barrier of 159.7 kJ mol . In the long-range water
solvent, this data is further reduced to 120.6 kJ mol ', a value
that is much lower than those in the previous pathways.

Proton transfer via bridge carbon C4 and C5
between the pyrimidine and the imidazole rings

Pathway P(5) P(5) is the transfer associated with one water
molecule as shown in Fig. 6.

The first step in P(5) is the same as that in pathway P(1)
and also produces IMI1. The next step is that the water
molecule moves onto the imidazole ring above C5-N7 bond
from the purine ring plane and forms a five-member ring
transition state TS9 with an energy barrier of 251.7 kJ
mol~'. The imaginary vibration of TS9 also corresponds to
a concerted double proton transferring where H17 in the
water molecule transfers onto C5 and H12 attaching N7 of

the imidazole ring shifts onto O16 of the water molecule.
Obviously, this barrier is even higher than that (224.9 kJ
mol ") without the existence of the water molecule obtained
previously [1], implying that pathway P(5) is less feasible.

Intermediate IM17 might be produced following TS9 with
an energy release 0f93.9 kJ mol ' and the C5 atom in IM17 is
saturated with four sp>-type bonds (i.e., two C-C, one C-N and
one C-H) associated with the formation of two hydrogen
bonds between N7-H12 and O16-H17 with the distances of
2.078 and 2.583 A. These bonds would lead to the breaking of
the conjugated bond between the pyrimidine and imidazole
rings. IM17 is also a complex of a water molecule and an
unstable tautomer P3 of 2TX that is 113.8 kJ mol ' higher in
energy than the reactants. In IM17, the water molecule would
spontaneously leave the complex to produce the tautomer P3
due to a negative (—7.8 kJ mol ") Gibbs free energy change.

P3 may further interact with a water molecule to produce a
complex IM18 with the formation of a hydrogen bond be-
tween O16 and H17 (at a distance of 2.140 A). This process is
associated with a decrease in energy (—11.2 kJ mol ') but
slight increase in Gibbs free energy (8.6 kJ mol ') due to
entropy decreasing. IM18 may isomerize into IM19 via a
transition state TS10 with an energy barrier of 135.7 kJ
mol™!. In TS10, the water molecule is located above the
shifting hydrogen H17 without participating in the proton
transfer. This is thus a process of intramolecular proton trans-
fer with the existence of one water molecule. Following this
step, the water molecule will easily leave IM19 with a de-
crease of the Gibbs free energy by 10.3 kJ mol ' and the
tautomer P4 is produced.

P4 may combine a water molecule to form a complex IM20
with the formation of three hydrogen bonds. This is associated
with a decrease in energy (~15.1 kJ mol ") but with an increase
in Gibbs free energy (10.0 kJ mol ") due to entropy decreasing.
IM20 may isomerize into IM4 via a transition state TS11 with an
energy barrier of 106.1 kJ mol ' In TS11, the water molecule is
also located above the shifting hydrogen H17 without participat-
ing in the proton transfer corresponding to an intramolecular
proton transfer. Finally, the water molecule will be dissociated
from IM4 with a small decrease of the Gibbs free energy of
3.5 kI mol ™" and the tautomer N(9)H is produced.

These results indicate that the rate-determining step of the
pathway P(5) is the transition of IM1 to TSO that has a higher
activation energy barrier of 251.7 kJ mol '. After considering
the long-range solvent effect using the PCM model, this barrier
is reduced to 212.4 kJ mol ', showing that the long-range
solvent effect is important in the tautomerization reactions.

Pathway P(6) P(6) is similar to P(5) but associated with two
water molecules as shown in Fig. 7.

Combination of two water molecules and the isolated
reactant N(7)H will produce intermediate IM21 with the
formation of three planer intermolecular hydrogen bonds
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Fig. 6 Reaction pathway P(5)
for one water molecule assisted
proton transfer tautomerization
processes of 2-thioxanthine via
bridge carbon C4 and C5.
Energy or energy barrier is in kJ
mol " and is the Gibbs free
energy at 298.15 K obtained
with B3LYP/aug-cc-pVTZ//
B3LYP/6-311+G**. The
energy in the parenthesis is for
the microsolvent model and that
in the bracket is for the aqueous
phase
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Fig. 7 Reaction pathway P(6)
for two water molecule assisted
proton transfer tautomerization
processes of 2-thioxanthine via
bridge carbon C4 and C5.
Energy or energy barrier is in kJ
mol " and is the Gibbs free
energy at 298.15 K obtained
with B3LYP/aug-cc-pVTZ//
B3LYP/6-311+G**. The
energy in the parenthesis is for
the microsolvent model and that
in the bracket is for the aqueous
phase
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Fig. 8 Reaction pathway P(7)
for direct proton transfer with
one water molecule catalysis of
2-thioxanthine. Energy or
energy barrier is in kJ mol ™!
and is the Gibbs free energy at
298.15 K obtained with
B3LYP/aug-cc-pVTZ//B3LYP/
6-311+G**. The energy in the

-
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e
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parenthesis is for the IM1 TS15
microsolvent model and that in
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Ol11...H17 with a distance of 1.793 A, O16...H19 with
1.733 A and O18...H12 with 1.751 A. In IM21, the O16,
H17, O18 and H19 atoms of the water molecules are almost
in the molecular plane of N(7)H. The two water molecules
may move onto the imidazole ring above C5-N7 bond from
the purine ring plane and form a seven-member ring transi-
tion state TS12 with an energy barrier of 204.0 kJ mol ™" that
follows a concerted triple proton transferring mechanism. In
which, the hydrogen H17 in one water molecule transfers
onto C5 and the atom H12 attaching N7 in the imidazole
ring shifts onto O18 of another water molecule. The activa-
tion energy 204.0 kJ mol ' is lower than either the value
224.9 kJ mol ' without the existence of the water molecule
[1] or the barrier 251.7 kJ mol ' with one water in pathway
P(5). Therefore, two water molecules are able to catalyze the
tautomerization but pathway P(6) should also be less feasi-
ble due to the higher barrier.

IM22 would be produced following TS12 with an energy
release of 42.5 kJ mol . In this process, the C5 atom in
IM22 is also saturated with four sp>-type bonds (i.e., two C-
C, one C-N and one C-H single bonds) associated with the

@ Springer

formation of hydrogen bonds between N7...H12, O18...
H19 and O16...H17 with the distances of 1.951, 1.831
and 2.014 A that leads to the breaking of the conjugation
bond between the pyrimidine and imidazole rings. The
water molecules would spontaneously leave IM22 to pro-
duce the tautomer P3 due to a negative (—5.8 kJ mol ")
Gibbs free energy change although the thermodynamic en-
ergy (at 0 K) increases by 45.2 kJ mol .

P3 could also interact with other water molecules. In our
case, a hydrogen bond between O16 and H17 and two
hydrogen bonds between O18...H14 and H19...S10 are
formed that leads to the production of complex IM23. This
process is associated with a decrease in energy (—35.4 kJ
mol ') but with an increase in Gibbs free energy (10.2 kJ
mol ") due to entropy decreasing.

IM23 may isomerize into IM24 via transition state TS13
with an energy barrier of 134.5 kJ mol . In TS13, one water
molecule is located above the shifting hydrogen H17 but it
will not participate in the proton transfer reaction. This
reaction is identified as an intramolecular proton transfer
with the existence of two water molecules. Further
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tautomerization of IM24 is proceeded where H17 shifts onto
NO via a transition state TS14 with an energy barrier of
103.9 kJ mol '. Similar to that in TS13, a water molecule in
TS14 is located above the shifting hydrogen H17 but will
not participate in the proton transfer reaction. After carrying
out IRC analyses starting from TS14, complex IM25 is
found, in which four hydrogen bonds between O16...H17,
0O18...H19, O18...H14 and S10...H20 (with the distances
0f2.022, 1.927, 1.981 and 2.365 A) are formed. Finally, the
water molecules would leave the complex with a small
increase of the Gibbs free energy by 16.5 kJ mol™' (or an
increase of internal energy by 69.3 kJ mol ') and the tauto-
mer N(9)H is produced.

By considering the long-range solvent effect using the
PCM model, the highest barrier (204.0 kJ mol™') in the
transition of IM21 to TS12 is reduced to 162.9 kJ molfl,
showing that the long-range solvent effect is important in
this pathway.

As examined so far (and also for all the discussions over
the paper), we found that the intermediates in the two water
microsolvent models are relatively lower in energy than
those in the one water models, and IM21 [N(7)H-2H,O] is
the most stable complex either with or without the long-
range solvent. The data in Supplement 5 also show that the
application of the long-range solvent model will increase the
predicted concentration of the respective species. In the
present pathway P(6), for example, the relative concentra-
tions of IMS5, IM8, IM13 and IM25 are 6.7x 10, 2.5x 107,
5.5x10° and 6.6x 10 ® without the long-range solvent but
are increased into 2.0x 1072, 2.7x10°°, 8.6x107> and 4.4 x
1077 in the aqueous phase. This also predicts that IM5, IM8
and IM13 are possible to be observed in co-existence with
IM21 since their relative concentrations are larger than
1 ppm. Interestingly, IM16 has a very low concentration of
3.1x107"" but increases significantly into 8.3x107> (an
observable value) in the aqueous phase.

Direct proton transfer with one or two water molecules
catalysis

Pathway P(7) P(7) is a direct process for N(7)H—N(9)H
transition in the existence of one water molecule as shown in
Fig. 8.

This path has the same reactant and product complexes
IM1 and IM4 as in pathway P(1). The major difference is
that the shifting proton can directly move between N7 and
N9 atoms which does not need to transfer via C8 atom (as in
P(), P(2), P(3) and P(4)) or C4 and C5 atoms (as in P(5)
and P(6)). Figure 8 shows a double proton transfer mecha-
nism where the water molecule above the imidazole ring
acts as a bridge linking the two protons. The IRC analysis
reveals that the reactant IM1 and the product IM4 are linked

with a single transition state TS15 with a higher barrier of
265.2 kJ mol ™" (Table 4). However, this barrier is decreased
to 207.8 kJ mol ' by involving the water solvent, implying
that the solvent effect is preferred to facilitate the proton
transfer.

Pathway P(8) P(8) is associated with two water molecules
as shown in Fig. 9.

This path has the same reactant complex (IM5) and
product complex (IM8) as in P(2). Compared with P(7),
this path follows a triple proton transfer mechanism in
which the water molecules above the imidazole ring also
act as a bridge role between N7 and N9 atoms. The IRC
analysis shows that the reactant IM5 and the product IMS§
are linked with transition state TS16 with a much lower
barrier of 184.0 kJ mol ' (lowered by 81.2 kJ mol ' than
265.2 kJ mol ! of P(7) as shown in Table 4). By involving
the water solvent, the value is further decreased to 112.8 kJ
mol ! and is the lowest barrier found so far. This value is
also adequate for a reaction to have a reasonable reaction
rate even at room temperature.

Proton transfer reactions via the O, S and N atoms in the
pyrimidine ring facilitated by one water molecule

The proton transfers are also possible via the O, S and N
atoms of the pyrimidine ring.

Similarly, the reactions with the existence of one or two
water molecules are examined. The optimized geometrical
structures and parameters for the one water assistant species
of 43 stable complexes and 25 transition states are summa-
rized in Fig. 10. The isolated intermediates (P5-P19) are
shown in Fig. 11. The energy profiles of the one water
assistant reaction pathways are illustrated in Fig. 12 drawn
in two panels where panel (a) is for mono-hydrated N(7)H to
mono-hydrated P7 or P10 and panel (b) is continued for
mono-hydrated P7 to the product N(9)H.

For the reaction positions started at hydrogen atom H12,
H14 or H15 (shown, e.g., in Fig. 10), complex IM1, IM39
or IM46 is first formed (Fig. 12). Further intermediate IM26,
IM40 and IM47 can be formed via the respective TS17,
TS24 or TS28 with the free energy barrier of 74.8, 96.8 and
115.4 kJ mol'. However, all the barriers have a slightly
smaller value, 58.0, 79.9 and 74.6 kJ mol !, in the contin-
uum solvent PCM model, showing that the continuum sol-
vent effect is considerable.

In the next steps, the water molecule may dissociate and
produce an isolated PS5, P11 or P13 tautomer with an in-
crease of the Gibbs free energy at most by 32.5 kJ mol " in
IM26 to P5+H,O transition. And then, a water molecule can
combine onto the hydrogen atom H14 or H15 of P5 and
form complex IM27 or IM31 with the negligible energy
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Fig. 9 Reaction pathway P(8) 9
for direct proton transfer with 4 4
two water molecule catalysis of ‘ @ 1247
2-thioxanthine. Energy or ® e 1.733;) J-lg_s,)
energy barrier is in kJ mol ™' ® 2 (- ] 2
and is the Gibbs free energy at N(7)H+2H,0 ‘o 0@ —_— "} > Aenn T
298.15 K obtained with o 0.2 4@ 030
B3LYP/aug-cc-pVTZ//B3LYP/ J @ o
6-311+G**. The energy in the 9 Jd "
parenthesis is for the
microsolvent model and that in TMS 1516
the bracket is for the aqueous ®
phase "] '." > @
é 2 @ —— N(YH+2H,0
- -
-
> .9
J
IM8 (a) structure
TS16(176.2)[94.5]
NY)H +2H,0
(37.3)[12.6]
N(7)H+2H,0
(0.0)[0.0] IM8(17.5)[4.2]
IM5(-7.8)[-18.3]
(b) energy profile

change of —0.6 or 0.3 kJ mol". Similarly, a water molecule
may combine onto H12 or H14 of P11, or H12 or H15 of
P13 and form complex IM41, IM42, IM48 or IM50 with a
small energy change of —16.0, 3.1, =27.4 or 6.8 kJ mol .
These six complexes may, respectively, transfer into IM28,
IM32, IM33, IM43, IM49 and IM51 via TS18, TS20, TS25,
TS26, TS29 and TS30 with the free energy barriers of 83.4,
72.2,58.1, 101.0, 35.3 and 79.7 kJ mol '. These values may
be reduced to 60.4, 55.0, 49.5, 67.8, 32.4 and 77.7 kJ mol !
in the PCM model, revealing, again, the considerable effect
of the long-range solvent. The intermediates will also dis-
sociate the water molecule to produce isolated tautomer P6,
P8 or P12 with very small energy changes except IM33 that
will directly isomerize into IM34 by the O-H bond rotation
via TS21 with a barrier of 66.8 kJ mol . In the next steps, a
water molecule will recombine the H atom at another posi-
tion of P6, P8 or P12 and form complexes IM29, IM37 and
IM44 with the release of the Gibbs energies of 4.7, 11.4 and
35.1 kJ mol ™. These intermediates will further transfer into
P7 associated with the transition states TS19, TS23 and
TS27 with the barriers of 56.7, 68.7 and 21.6 kJ mol .
The values are reduced to 52.3 and 51.6 kJ mol ' for
TS19 and TS23 in the PCM model, but the barrier for
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TS27 is slightly increased to 27.2 kJ mol™'. A conformer,
P10, of P7 is able to be produced here from IM34 that will
spontaneously dissociate and recombine a H,O molecule via
P9 to produce IM35, and then to isomerize into IM36, a
species of hydrated P10, via TS22 with a barrier of 64.0 kJ
mol . The barrier of the conformers linked directly (i.e.,
without H,O) by ‘TS22’ in ref. [1] was also reported by
33.7 kJ mol ', implying that a water molecule does not
catalyze the conformational transition.

The additional reactions of P7+H,0 are shown in panel (b) of
Fig. 12 where complexes IM45 and IM30 are first formed. For
the channels to produce the final product N(9)H+H,O, the
highest barrier, 76.0 kJ mol ', is found in the transition of
IM65 to IM66 via TS41. The next highest, 72.2 kJ mol !, is in
IM57 to IM60 via TS37, which is already lower than the lowest
barrier, 74.8 kJ mol ', in the transitions of N(7)H+H,0 to P7+
H,0 or to P10+H,0 discussed previously. This implies that even
lower barriers can be found. Actually among all the paths in
Fig. 12(b), there exist two comparable favored channels that have
the highest barriers of only 58.6 kJ mol ™" for IM52 to IM53 and
59.4 kJ mol ™" for IM58 to IM59. Therefore, the rate determining
step should be the transition of IM1 to IM26 in Fig. 12(a) that has
the barrier of 74.8 kJ mol '. Considering the next lowest
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Fig. 10 Optimized geometries of the complexes and transition states associated with the proton transfers via the O, S and N atoms of pyrimidine
ring for the one water-assisted process of 2-thioxanthine tautormerizations. Bond distances are in A

necessary barrier, 96.8 kI mol ! for IM39 to IM40, being 22.0kJ  feasible path in the one water catalysis microsolvent environ-
mol ! higher (or the rate branching ratio being about 1.4x10™*  ment is thus N(7)H+H,0—IMI—IM26—P5+H,0—
estimated with the Boltzmann factor at 298.15 K), the most IM31—-IM32—P8+H,0—>IM33—1IM34—P9+H,0—
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Fig. 10 (continued)

IM35—1IM36—-P10+H,0—>IM56 -IM57—>P16+  seventh step P8+H,0 into P§+H,0—IM37—IM38—
H,O—->IM58 -IM59—P15+H,0—>IM54 —->IM55— P7+H,0—-1IM45—-1IM52—>IM53 —->P14+H,0—>P14—
N(9O)H+H,0, where the path may also branch from the @ P15—PI15+H,0 as the competitive reactions. These
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Fig. 10 (continued)

latter reactions are also in the most favorable channel found
with the PCM solvent model. Therefore, the rate determining
step is for the transition of IM1 to IM26 via TS17 with the
barrier of 58.0 kJ mol ! which is obviously lower by 16.8 kJ
mol ! than that, 74.8 kJ mol ', in the microsolvent phase.
Although either 74.8 or 58.0 kJ mol ' is a moderate barrier
for a chemical reaction to be proceeded at room temperature,
the tautomerization is easier in the water solvent in the pres-
ence of a water molecule.

In this pathway, the concentrations for all the intermediates
are increased in the aqueous phase (Supplement 5) but only
IM39 and IM46 are expected observable due to a relative

concentration larger than 1 ppm by 8.3x10 ¢ and 9.0x10°
with respect to the most stable IM21.

Proton transferring reactions via the O, S and N atoms
in the pyrimidine ring facilitated by two water molecules

Very similar to the one water catalysis reactions, the
proton transfers via the O, S and N atoms of pyrimidine
ring with the existence of two water molecules were
examined. The optimized structures for all 47 stable
complexes and 25 transition states involved in these
pathways are summarized in Fig. 13. The energy profiles

@ Springer



3298 J Mol Model (2013) 19:3279-3305
Fig. 11 Optimized structure of 9 ) 5 ;
the isolated intermediates @ . : :J
associated with the proton A I T Y | y -
transfers via the O, S and N J" ‘ .‘ 3 @ ‘ .‘ 5 = : : -2 > : : -‘_J
atoms of pyrimidine ring in the a 8.2 DD o 9. P :
process of 2-thioxanthine & 2 ‘.‘ @ " " ] " ] J @ .) " ] ? @
tautomerizations 9 9
P5 P6 P7 P8
4 o
, . : 4 g ¥
.J Y .9 o 2@ g )
_‘ ) . ‘ 2 @ ‘J | | 99
2 0 020 o 2. >° ,ee RS,
4
P9 P10 P11 P12
ST W W
g \ i D
‘e ‘:._.‘ | i ‘_.;‘ o ‘___.‘ ® 9. .‘"'.'-;-‘ |
7200 Y, %% a9 %% > %%
. ) 9 2 & J > ]
P13 P14 P15 P16
J.. .--J .J
[ i [+ 2 @ ‘ 4 Dol
] "
9 9
P17 P18 P19

of the two water assistant reaction pathways are illustrat-
ed in Fig. 14.

Figure 14 is also separated into two panels: (a) is for di-
hydrated N(7)H to di-hydrated P7 or P10 and (b) is contin-
ued for di-hydrated P7 to the product N(9)H. Figure 14(a)
shows that the first group of the higher barriers is in the first
transition of the hydrated reactant via TS43, TS50 and TS54,
and all the transitions are intermolecular concerted triple proton
transfers between thione-keto tautomers and two water mole-
cules. The second group of the higher barriers appears in the
middle of the panel that corresponds to the transitions between
thione-thiol tautomers and two water molecules via TS44 and
TS46, between thiol-keto tautomers and two water molecules
via TS51 and TS52, and between thione-keto tautomers and
two water molecules via TS55 and TS56. The last group is at
the rear end of the panel that corresponds to the transitions of
the thione-thiol tautomers via TS45, thiol-enol tautomers via
TS47 and TS49, and thiol-keto tautomers via TS53.

It is shown in panel (a) that the higher barriers in the first
group are in the necessary reaction pathways, where the
highest barrier is 94.7 kJ mol ™' for IM81 to IM82 and the
lowest is 82.1 kJ mol ™" for IM21 to IM68 via TS43. This
barrier, 82.1 kJ mol ', is also the highest one among the
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favorable reaction steps followed. Compared with that in the
previous mono-hydration process (via TS17), the present
value is 7.3 kJ mol™' higher, implying that an additional
water molecule does not significantly enhance the catalytic
property of the proton transfer. The feasible pathway is thus
N(7)H+2H,0 —-IM21 ->IM68—P5+2H,0—IM69 —
IM70—-P6+2H,0—>IM71 -IM72—P7+2H,0 and the
higher barriers are within the transitions of IM21 to IM68
via TS43 by 82.1, IM69 to IM70 via TS44 by 64.4 and
IM71 to IM72 via TS45 by 70.3 kJ mol . The next possible
pathway may also be drawn by N(7)H+2H,0—IM21 —
IM68 —-P5+2H,0—>1IM73 —-IM74—->P8+2H,0—
IM79—IM80— P7+2H,0, which branches at the third step
of the previous channel. The highest barrier is also in the
transition of IM21 to IM68 but the followed highest barrier,
74.7 kI mol ™" for IM73 to IM74, is only 4.4 kJ mol ™" higher
than that in the previous channel. Within this pathway at P8+
2H,0, the reaction may branch into IM75—IM76—P9+
2H,0—1IM77—1IM78 —P10+2H,0 to produce the conform-
er, P10, of P7 with the highest barrier of 68.9 kJ mol ! for IM75
to IM76 via TS47 which is the only possible channel since
another path to produce P10 has a barrier of 94.7 kJ mol ' (or a
Boltzmann factor of 3.0x 107>) for IM81 to IM82 via TS50.
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Fig. 12 Reaction pathways for
one water molecule assisted
proton transfer tautomerization
processes of 2-thioxanthine via
the O, S and N atoms of
pyrimidine ring. Energy or
energy barrier is in kJ mol !
and is the Gibbs free energy at
298.15 K obtained with
B3LYP/aug-cc-pVTZ/B3LYP/
6-311+G**. a is the profile
from N(7)H+H,0 to P7+H,0
or to P10+H,O and b continues
from P7+H,0 to N(9)H+H,0

IM1(-14.2)

TS22(161.6)
TS23(160.3)

TS18(159.0)
TS20(148.7)

TS21(146.7)

TS19(135.5)

1M30(68.0) M36(55.4)

(a) from N(7)H+H,O to P7 or P10+H,0O

TS32(116.4)

TS39(100.6)
TS31(98.5)

TS41(147.4)

TS37(140.0)
TS42(136.6)

TS38(125.4)

T$34(105\4)

IM59(43.6)

IM55(29.4)

(b) from P7+H,0 to N(9)H+H,O

By involving the PCM solvent model, however, the
highest barrier, 82.1 kJ molfl, is decreased to 47.4 kJ
mol !, implying the importance of the solvent effect. In
considering the long-range solvent, an even lower barrier,
44.0 kJ mol ™', is found in the transition of IM89 to IM90 via
TS54 instead of that found previously at the very beginning
of the reaction. Therefore, the most feasible reaction path-
way is N(7)H+2H,0—IM89—IM90—P13+2H,0—
IM91—1IM92 —-P6+2H,0—IM71—IM72—P7+2H,0,
and the highest barrier 44.0 kJ mol " in this channel is also
14.0 kJ mol ™" lower than that in the one water catalysis
process.

Figure 14(b) continues the reactions of P7+2H,0 and the
most feasible pathway is P7+2H,0—IM88 —IM95—
P10+2H,0—IM96—IM97—P14+2H,0—->P14—>P15—
P15+2H,0—IM98 —IM8 —N(9)H+2H,0, in which, the
highest barrier, 57.3 kJ mol ', is in the transition of IM96 to
IM97 via TS58 and the next highest, 52.5 kJ mol ', is in
IM98 to IM8 via TS59. Another competitive pathway
branches from P10+2H,0 into (P10+2H,0)—IM99—
IM100—-P16+2H,0—->IM101 -IM102—P15+2H,0,
and P15 follows the same steps as shown above. The highest
barrier, 58.6 kJ mol™! for IM101 to IM102 via TS61, is
found. Obviously, all the highest barriers are at least 23.4 kJ
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Fig. 13 Optimized geometries of the complexes and transition states associated with the proton transfers via the O, S and N atoms of pyrimidine

ring for the two water-assisted process of 2-thioxanthine tautormerizations. Bond distances are in A

mol ™' lower than that, 82.1 kJ mol', in the necessary By involving the PCM solvent model, the highest
barrier, 57.3 kJ mol !, is decreased to 32.2 kJ mol !

reaction step shown in panel (a).
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Fig. 13 (continued)

and the barrier for IM88 to IM95 via TS57 is slightly
increased from 31.8 into 34.9 kJ mol !. Hence the most
feasible path is P7+2H,0—>IM107—IM108—P18+

2H,0 —»IM111 -IM112—-P19+2H,0—>IM113 —
IM114—P17+2H,0—1IM105—1IM106—N(9)H+2H,O0.
Other pathways are also possible via TS65, TS66, TS61,
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Fig. 13 (continued)
TS62, TS67, TSS9 and TS63 with the highest barrier of only Combining the discussions for panel (a) and (b), the most

33.6 kJ mol . feasible reaction pathway in the di-hydrated microsolvent is
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Fig. 14 a and b are reaction
pathways for two water
molecule assisted proton
transfer tautomerization
processes of 2-thioxanthine via
the O, S and N atoms of
pyrimidine ring. Energy or
energy barrier is in kJ mol ™’
and is the Gibbs free energy at
298.15 K obtained with
B3LYP/aug-cc-pVTZ//B3LYP/
6-311+G**. a is the profile
from N(7)H+2H,0 to P7+
2H,0 or to P10+2H,0 and b
continues from P7+2H,0 to
N(9)H+2H,0

(56.8)

N(7)H+2H,0—1IM21 —-IM68 —P5+2H,0 —>IM69 —
IM70 -P6+ 2H,O0—>IM71 —>IM72—>P7+2H,0—
IM88 —IM95—P10+2H,0—>1IM96 -IM97 —-P14+
2H,0—-»P14—>P15—>P15+2H,0 >IM98 —IM8 —
N(9)H+2H,0, in which, the highest barrier, 82.1 kJ mol ",
is in the transition of IM21 to IM68 via TS43. However, in
the PCM solvent model, the most feasible reaction pathway
is changed into N(7)H+2H,0—IM89—IM90—P13+
2H,0—->IM91 —->IM92 —-P6+2H,0—->IM71 ->IM72 —
P7+2H,0—-IM107—>IM108—P18+2H,0—>IM111—
IM112—P19+2H,0—>IM113—>IM114—P17+2H,0—
IM105—1IM106—N(9)H+2H,0 with the highest barrier of
44.0 kJ mol™!. Therefore, the tautomerization of the 2-

O
1IM96(55.8)
IM110(55.8)

TS62(151.1)

TS63(113.2)
TS59(109.4)

N@)H+

(37.3)
1M96(33.3)

1IM99(17.6)

(b)

thioxanthine in water solution should follow the mechanism
with the presence of two water molecules as the microsolvent
catalysis within the environment of long range solvent that has
a highest energy barrier of only 44.0 kJ mol .

In this pathway, all the intermediates IM81, IM89, IM90,
IM91 and IM106 are possible to co-existed with IM21 in the
aqueous phase due to larger relative concentrations of 2.1x 107>,
0.2, 2.1x107°, 45x107° and 2.6x10~*. Especially, IM89, a
structure having two water molecules located on the other edge
side of N(7)H, has a high concentration of 20 % with respect to
IM21. This might predict that even some stable complexes could
be found within the 3H,O and 4H,O models. This must an
interesting subject that needs to be studied in our further work.
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Conclusions

The reaction pathways of the 2-thioxanthine proton transfer
tautomerization were investigated theoretically with density
functional theory both in the microsolvent (mono-hydration
and di-hydration) and the long-range solvent PCM models.
This involves 115 reaction complexes and 67 transition
states. Molecular geometries were determined with
B3LYP/6-311+G** calculations and the energies were re-
fined with a larger base set at B3LYP/aug-cc-pVTZ level.
Gibbs free energy corrections at 298.15 K were obtained
with the standard statistical thermodynamics by using the
optimized geometries and the scaled theoretical frequencies.
The energy barriers and the reaction energies were exam-
ined by using the Gibbs free energies at 298.15 K. The
results show that proton transfer via the C8 atom on the
imidazole ring has the lowest barrier of 220.1 kJ mol ' with
mono-hydration and 159.7 kJ mol ' with di-hydration ca-
talysis without the PCM long-range solvent, while the re-
spective data are 208.5 and 120.6 kJ mol™ ' with PCM. The
transfer via the bridged C4 and C5 atoms between pyrimi-
dine and imidazole rings has the lowest barrier of 251.7 kJ
mol ™" with mono-hydration and 204.0 kJ mol™" with di-
hydration microsolvent without the PCM model, while they
are 212.4 and 163.4 kJ mol™ with PCM. The direct proton
transfer with one or two water molecules catalysis has a sole
barrier of 265.2 or 184.0 kI mol ', respectively, while the
barrier is reduced to 181.1 or 83.9 kJ mol ' with PCM. The
transfer via the N, O and S atoms on the pyrimidine ring has
the lowest barrier of 74.8 kJ mol™' for mono-hydration and
82.0 kJ mol™" for di-hydration without the PCM model.
Each of these barriers is much lower in the long-range
solvent and the lowest barrier is 58.0 kJ mol™' for mono-
hydration and is 44.0 kJ mol™" for di-hydration. Therefore,
the most feasible pathway is identified as di-hydrated pro-
cess combined with the long-range solvent model by
N(7)H+2H,0—IM89—IM90—P13+2H,0—IM91 —
IM92 -P6+2H,0—-IM71 -IM72—>P7+2H,0—
IM107—IM108 ->P18+2H,0—»IM111—-IM112—P19+
2H,0—>IM113—>IM114—>P17+2H,0—>IM105—
IM106—N(9)H+2H,0. The highest barrier, 44.0 kJ mol ",
is in the transition of IM89 to IM90 via TS54. This barrier is
also much lower than that, 295.0 kJ mol !, in the intramo-
lecular proton transfer without water catalysis examined
previously in ref. [1]. The present result predicts that the
tautomerization reactions are very feasible at room temper-
ature in the aqueous phase and is consistent with the exper-
iments, although the experimental activation energy has not
been reported. This work also found that the energies of all
the similar intermediates with two water microsolvent are
lower than those with one water molecule. IM21 [N(7)H-
2H,0] is the most stable complex either with or without the
long-range solvent. In the aqueous solution, the possible co-

@ Springer

existing species are the monohydrated IM1, IM9, IM39
and IM46, and the di-hydrated IMS5, IM8, IM13, IM16,
IM81, IM89, IM90, IM91 and IM106 complexes that
have a relative concentration larger than 10°° (1 ppm)
with respect to IM21.
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