J Mol Model (2013) 19:397-406
DOI 10.1007/500894-012-1567-0

ORIGINAL PAPER

Quantum chemical investigation of the intra- and intermolecular
proton transfer reactions and hydrogen bonding interactions
in 4-amino-5-(2-hydroxyphenyl)-2H-1,2,4-triazole-3(4H)-thione

Namik Ozdemir

Received: 21 February 2012 /Accepted: 9 August 2012 /Published online: 1 September 2012

© Springer-Verlag 2012

Abstract The intramolecular thione-thiol tautomerism and
intermolecular double proton transfer reaction of the
hydrogen-bonded thione and thiol dimers in the title triazole
compound were studied at the B3LYP level of theory using
6—311++G(d,p) basis function. The influence of the solvent
on the single and double proton transfer reactions was
examined in three solvents (chloroform, methanol and wa-
ter) using the polarizable continuum model (PCM) approx-
imation. The computational results show that the thione
tautomer is the most stable isomer with a very high tauto-
meric energy barrier both in the gas phase and in solution
phase, indicating a quite disfavored process. The solvent
effect is found to be sizable with increasing polarity. In the
double proton transfer reaction, the thione dimer is found to
be more stable than thiol dimer both in the gas phase and in
solution phase. The energetic and thermodynamic parame-
ters of the double proton transfer process show that the
double proton exchange from thione dimer to thiol dimer
is thermodynamically unfavored. However, the exchange
from thiol dimer to thione dimer for the gas phase and water
phase seems to be feasible with a low barrier height and with
a negative value in enthalpy and free energy changes. In
addition, the hydrogen bonding interactions were analyzed
in the gas phase regarding their geometries and energies. It
is found that all complex formations are enthalpically fa-
vored, and the stability of the H-bonds comes in the order of
S1—H2:-“N2 > N2—H2--S1 > N3—H3B--O1. Finally,
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non-linear optical properties were carried out at the same
calculation level in the gas phase.
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Introduction

1,2,4-triazole rings are typically planar 67t-electron aromatic
systems, featuring an extensive chemistry [1, 2]. 1,2,4-tri-
azole and its derivatives represent one of the most biologi-
cally active classes of compounds, possessing a wide
spectrum of activities, including anti-inflammatory [3, 4],
antiviral [5], analgesic [6], antimicrobial [7], anticonvulsant
[8], anticancer [9], antioxidant [10], antitumorial [11] and
antidepressant activity [12], the last usually being explored
by the forced-swim test [13, 14]. Furthermore, some of the
complexes containing 1,2,4-triazole ligands have rather pe-
culiar structures and specific magnetic properties [15—18].
Studies of noncovalently bonded molecular clusters are
of great interest for contemporary chemical science from
both fundamental and practical perspectives. Among the
various types of intermolecular interactions, the hydrogen
bond is arguably the most important, due to its widespread
occurrence and strength [19-21]. The study of relatively
simple organic molecules is a vital source of information
regarding the underlying physical forces that hold these
molecules together. In particular, in the solid state, the study
of crystal structures yields information on the intermolecular
forces. The intermolecular hydrogen bonding which is so
often present in such systems plays an important role in
forming anisotropic interactions, and, for example, the hy-
drogen transfer through hydrogen bonds between molecules
enables charge and energy transfer in solid chemical and
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biological systems and has widespread implications for
issues as diverse as ferroelectrics, electrochemical processes
and enzyme action [22].

In recent years, intra- or intermolecular proton transfer
has been a topic of much interest because of its importance
in many chemical and biological processes [23-27]. A large
number of theoretical and experimental investigations have
been carried out to enrich the information regarding the
possible mechanisms of proton transfer, and tautomeric
equilibria, and relevant properties associated with proton
transfer [23—33]. In particular, the role played by the solvent
in intra- or intermolecular proton transfer reactions is known
to be crucial [34].

Because of conclusive evidence on significant biological
activities of 1,2,4-triazole-3-thiones, synthesis of the substi-
tuted derivatives of 1,2,4-triazole-3-thione have been of
interest [35]. A common question has dealt extensively with
intramolecular tautomerization encountered in such struc-
tures [36-38]. These compounds can exist in two major
tautomeric forms that exhibit different reactivities [12,
39—41]. The thione-thiol tautomerism of these compounds
remains as a matter of controversy, because it is not straight-
forward to determine which of the two forms is present. The
prototropic tautomerism of 1,2,4-triazole-3-thione parent
and its disubstituted derivatives containing benzyl and pyr-
idyl groups is of great importance in many areas of chem-
istry and biochemistry [12, 35-41]. The knowledge of the
relative stabilities of tautomeric forms as well as of the
conversion from one tautomeric form to another is also
important from the point of view of structural chemistry.
In addition, knowing how the tautomerization energies
change in various solvents gives an insight into the influ-
ence of solvents on molecular stability and reactivity. So, it
is worth studying the possibility of tautomerization in the
parent molecule of 1,2,4-triazole-3-thione and its disubsti-
tuted derivatives using high accuracy methods [42].

The present study focuses on a detailed theoretical study
of the intramolecular single proton transfer (thione-thiol
tautomerism) and intermolecular double proton transfer
reactions (between hydrogen-bonded thione and thiol
dimers), and hydrogen bonding interactions in the title com-
pound. The calculations were performed at the DFT/B3LYP
level of theory using the 6—311++G(d,p) basis function.
Furthermore, solvent effects are estimated through the use
of a polarized continuum model (PCM) at the same calcu-
lation level.

Computational details
All geometries were fully optimized in the ground state

using the Berny algorithm [43] and default convergence
criteria. The stationary structures and transition state were
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confirmed by establishing that the matrixes of the energy
second derivatives (Hessians) have zero and one negative
eigenvalue, respectively. The cartesian coordinates of the X-
ray structure were used as the starting geometry for the
theoretical calculations. All calculations were performed
by means of the Gauss View molecular visualization pro-
gram [44] and GAUSSIAN 03 program package [45] using
the spin-restricted hybrid density functional theory (B3LYP)
[46, 47] method with the 6—-311++G(d,p) [48, 49] basis set.
This method has been demonstrated to be able to predict
reliable geometries and vibrational frequencies for
hydrogen-bonded systems [50-53]. The binding energies
were calculated using the supermolecule approach [54,
55], and corrected for basis set superposition error (BSSE)
via the standard counterpoise method [56]. In order to
investigate the solvent effects, I have also carried out calcu-
lations in three kinds of solvents [¢=4.90, chloroform
(CHCl3); €=32.63, methanol (CH40); £=78.39, water
(H,0O)] at the same level using polarizable continuum model
(PCM) [57-60] method. Although the use of doubly diffuse
functions in the basis set in conjunction with a continuum
model of solvent might lead to some over-polarization, the
obtained results (see below) show consistent trends ranging
from gas phase to highly polar medium indicating no over-
polarization issues [61, 62]. The thermodynamic parameters
were obtained from the frequency analyses of the optimized
structures, and were calculated using the thermodynamic
equations and AG = AH — TAS [63, 64].

Results and discussion

Theoretical structures

The molecular structure of the title compound [65], which is
shown in Fig. 1, was optimized by energy-minimization

with the density functional theory (DFT) method with the
6—311++G(d,p) basis set. Some selected geometrical

Fig. 1 The solid state structure of the title compound [65]. The dashed
lines represent the intramolecular O1—H1--N1, C4—H4:--N3 and N3
—H3A-S1 hydrogen bonds
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parameters experimentally obtained and theoretically calcu-
lated both in the gas phase and in solution phase are listed in
Table 1 (see the Supplementary data for full table). Al-
though two conformations of the compound can be drawn
by a rotation around the C2—C3 bond, only one of these
two conformers is studied here, which is the most stable and
accords with the X-ray structure.

As can be seen in Table 1, agreement between the calcu-
lated structures and the experimentally determined X-ray
crystal structure is satisfactory. Bond distances agree within
ca 0.13 A, while the largest deviation of the bond angles
appears to be about 3.72°. Interestingly, the biggest differ-
ence in bond distances and angles takes place at the N2—H?2
unit. When the X-ray structure of the title compound is
compared with its optimized counterparts, some conforma-
tional discrepancies are observed between them. According
to X-ray study, the dihedral angle between the triazole and
benzene rings of the title molecule is 10.95(12)°. This angle
is calculated at 0.026° for the gas phase, while it is found to
be 0.147, 2.969 and 0.059° in going from chloroform to
water for solution phase, respectively.

A logical method for globally comparing the structures
obtained with the theoretical calculations is by superimpos-
ing the molecular skeleton with that obtained from X-ray
diffraction, giving RMSE’s of 0.108, 0.110, 0.080 and
0.109 A, respectively, in going from the gas phase to solu-
tion phase.

The molecular structure of the title compound contains
three intramolecular interactions. The experimental and cal-
culated geometric parameters belonging to these interactions
are collected in Table 2. As can be seen from the table, there
is good agreement between the experimental and theoretical
values, except for N3—H3A--S1 contact. The main reason
of the difference in this contact is that the other proton
(H3B) on atom N3 participates in an intermolecular hydro-
gen bonding, and therefore the NH, group rotates around
the N3—N4 bond in the solid state. It was noted that the
experimental results belong to solid phase and theoretical
calculations correspond to the isolated molecule in the gas
and solution phases. In the solid state, the existence of the
crystal field along with the intermolecular interactions has
connected the molecules together, which result in the differ-
ences of structural parameters between the calculated and
experimental values.

The mean linear polarizability («y,) and first-order
hyperpolarizability (5, of the two tautomers were calcu-
lated at the B3LYP/6—311++G(d,p) level in the gas phase.
The calculated values of v and By are 23.603 A* and
4.282x10cm®/esu for the thione tautomer, and 22.849 A3
and 4.578x 10> cm°/esu for the thiol tautomer, respective-
ly. Urea is one of the prototypical molecules used in the
study of the NLO properties of molecular systems. There-
fore it was used frequently as a threshold value for compar-
ative purposes. The values of ay, and (i of urea are

Table 1 Experimental and optimized structural parameters of the thione-thiol tautomers and transition state of the title compound

Parameters X-ray Gas phase Chloroform (£¢=4.90) Methanol (¢=32.63) Water (e=78.39)

Thione TS Thiol Thione TS Thiol Thione TS Thiol Thione TS Thiol
Bond lengths (A)
S1—Cl1 1.6773(18)  1.664  1.721 1.762 1.679 1.726  1.759 1.685 1.728 1.757 1.687  1.728 1.757
S1—H2 - - - 1.348 - - 1.365 - - 1.374 - - 1.376
N1—C2 1.309(2) 1.315 1.321 1.320  1.315 1.322 1.321 1.316 1.323 1.322 1.316  1.323 1.322
N2—ClI 1.329(2) 1.352 1.318 1.302 1.345 1.318 1.307 1.343 1.318 1.309 1.342 1319  1.309
N2—H2 0.90(2) 1.007 - - 1.021 - - 1.027 - - 1.028 - -
N3—N4 1.399(2) 1.396 1400  1.398 1.396  1.400  1.398 1.396  1.400  1.398 1.396  1.400  1.398
Bond angles (°)
S1—C1—N2  130.49(13) 130.38 109.72 127.62 129.55 109.07 12797 129.26 108.84 128.02 129.20 108.80 128.12
S1—C1—N4  12591(13) 127.49 14191 12133 127.56 14237 121.26 127.55 142.54 121.33 127.56 14256 121.23
Cl—S1—H2 - - - 92.73 - - 93.66 - - 93.95 - - 93.99
NI—N2—C1 112.96(14) 113.71 110.11 106.29 11331 109.96 106.36 113.13 109.90 106.38 113.10 109.89 106.36
NI—N2—H2 117.0(15) 120.72 - - 120.53 - - 120.41 - - 120.41 - -
Cl—N2—H2  129.1(15) 125.56 - - 126.16 - - 126.45 - - 126.49 - -
N2—C1—N4 103.55(14) 102.14 108.37 111.05 102.89 108.56 110.77 103.19 108.62 110.66 103.25 108.63 110.65
N2—NI1—C2 105.47(14) 106.11 107.03 110.13 106.19 106.84 109.86 106.22 106.75 109.75 106.24 106.75 109.72
N3—N4—C1 123.64(14) 123.14 126.14 12690 12428 126.65 127.10 124.66 126.83 127.14 124.68 126.84 127.07
Cl—N4—C2 109.14(13) 109.50 105.94 105.11 109.03 105.85 10538 108.85 105.82 105.50 108.82 105.82 105.53

¢ = dielectric constant
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Table 2 Experimental and optimized geometries of intramolecular
hydrogen bonds in the title compound

Method € D—H(A) H-AA) D-AA) D—H-A(°
Ol—HI1-+N1
Experimental 0.86(3)  1.89(3) 2.611(2)  140(2)
B3LYP 1 0.979 1769  2.622 143.59
PCM 490  0.981 1.760 2615 143.54
32,63  0.983 1759 2613 143.30
78.39  0.983 1.761 2614 143.08
C4—H4--N3
Experimental 0.97(2)  2.352) 3.0133) 125Q2)
B3LYP 1 1.079 2266  3.037 126.73
PCM 490  1.079 2260  3.029 126.53
32,63 1.080 2263 3.029 126.25
78.39  1.080 2.261 3.029 126.40
N3—H3A-S1
Experimental 0.91(3)  2.73(4) 3.1319(18) 108(3)
B3LYP 1 1.019 3.029  3.174 88.71
PCM 490  1.023 3.084 3203 87.32
3263  1.025 3.087 3213 87.66
78.39  1.025 3.104 3214 86.79

e = dielectric constant

5.042 A® and 0.765x10*°cm’/esu obtained at the same
level. Theoretically, the first-order hyperpolarizability of
both tautomers is of ca six times the magnitude of urea.
According to these results, both tautomers are a good can-
didate of NLO material.

Intramolecular single proton transfer reaction (thione-thiol
tautomerism)

As shown in Fig. 2, two tautomeric forms may exist for the
title molecule, the thione (NH) and thiol (SH) forms. The
first with a C1 =S1 double bond and latter with the endo-
cyclic double bond C1 = N2. Some selected structural

4 4
" ‘/‘ ‘/J ‘/:'J‘ J‘/J._‘/J :i’ :
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Fig. 2 The mechanism for tautomerization of 1,2,4-triazole-3-thione
to 1,2,4-triazole-3-thiol and corresponding transition structure (TS)

@ Springer

parameters belonging to the thione, thiol and transition state
(TS) geometries of the title compound optimized at the
B3LYP/6—311++G(d,p) level are listed in Table 1, while
the energies of the thione and thiol forms, energy differences
and activation energies are given in Table 3. The calculated
imaginary vibrational frequency of the transition state is
1656i cm™' for the gas phase, 1722i cm™' for chloroform,
1751i cm™" for methanol and 1756i cm ™" for water.

Due to the migration of a hydrogen atom from atom N2
to atom S1, some changes are observed in the structure. The
distance between atoms S1 and H2 decreases upon the
proton transfer thione — TS — thiol. It can be concluded
that the N2—H2 bond is broken, and an S1—H2 bond
(1.348 A in the gas phase, and 1.365, 1.374 and 1.376 A
in going from chloroform to water, respectively) is formed
during the intramolecular proton transfer process in the
compound. As can be seen from Table 1, the SI—C1 and
N1—C2 distances increase, while the N2—C1 distance
decreases in the proton transfer thione — TS — thiol.
Besides, the S1—C1—N2, S1—C1—N4, N1—N2—Cl1
and C1—N4—C2 angles contract as the N2—C1—N4,
N2—N1—C2 and N3—N4—C1 angles expand.

The N2-+-H2 and S1---H2 distances for TS structure are
found to be 1.367 and 1.744 A in the gas phase, 1.365 and
1.740 A in chloroform, 1.364 and 1.739 A in methanol, and
1.363 and 1.739 A in water, respectively. When the transi-
tion structure is globally compared with both the thione and
thiol tautomers, the obtained RMSE’s are 0.124, 0.122,
0.122 and 0.122 A for thione tautomer, 0.125, 0.132,
0.141 and 0.137 A for thiol tautomer in going from the
gas phase to water phase, respectively. From a structural
point of view, all results indicate that the transition state
resembles more the thione than the thiol tautomer, with the
transferred proton closer to that observed for the thione than
for the thiol form. The parameters given in Table 1 also
show that both tautomers and the transition state connecting
them are completely planar. This fact could be evidenced by
referring to Table 1 where the selected torsion angles are
approximately 0 or 180° which show completely planar
geometries. By taking a closer look at the structures and
imaginary frequency of transition state, it reveals that even
during the tautomerization process, the proton (H2) has been
transferred from N2 to S1 in the molecular plane.

The energy profile of the single proton transfer process
(thione-thiol tautomerism) is shown in Fig. 3. The tautome-
rization energy, as shown in Fig. 3, was calculated as the
energy differences between the tautomers and the transition
state. The energy differences between the two tautomers
were calculated to be —61.53, —60.04, —59.27 and
—59.12 kJmol " in going from the gas phase to water phase,
respectively. Considering the ground state energy of the
thione and thiol tautomers as well as the tautomerization
energies in Table 3 show that the thione form is more stable
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Table 3 Energies of the title 1,2,4-triazol-3-thione compound and its thiol form in hartree, and energy differences, activation energies and
thermodynamic parameters in kJmol

Method & Thione Thiol AE Ea(f) Ea(r) AHzgg(f) Angg(f) TASzgg(f) AHzgg(r) Angg(r) TASzgg(r)

B3LYP 1 —1002.25703058 —1002.23359560 —61.53 197.04 135.51 178.72 179.60  —0.88 127.40 12791 —0.51

PCM 490 -1002.27601453 —1002.25314579 —60.04 219.18 159.14 204.35  205.06 -0.71 15428  154.37 —0.09
32.63 —1002.28385470 —1002.26127842 —59.27 229.15 169.88 21631  217.69 -1.37 167.06  168.20 -1.14
78.39 —1002.28497799 -1002.26246215 —59.12 230.49 17137 215.50 22535 —9.86 166.39  175.62 —9.24

¢ = dielectric constant, AE = Egione—Etniol, Ea(f) = forward activation energy, E,(r) = reverse activation energy

than the thiol case in both the gas phase and in solution
phase.

The relative energies of the TS with respect to the thione
tautomer were obtained as 197.04, 219.18, 229.15 and
230.49 kJmol !, while the reverse reaction barriers were
calculated as 135.51, 159.14, 169.88 and 171.37 kJmol '
in the gas phase, in chloroform, in methanol, and in water,
respectively. These values show that considerable high en-
ergy is necessary for both the forward and the reverse proton
transfer to occur. In both cases, the barrier height increases
in going from the gas phase to water phase. High barrier
energies in Table 3 suggest an unfavorable tautomerism both
in the gas phase and in solution phase. It can be easily said
that the stronger the dipole moment of the solvent, the
higher the barrier to the proton transfer process.

The standard enthalpy and free energy changes for the
single proton transfer are also listed in Table 3. As can be
seen from the table, the large positive standard enthalpy and
free energy changes for both the forward and the reverse
proton transfer demonstrate that the thione — thiol and thiol
— thione processes are highly endothermic reactions both in
the gas phase and in solution phase. In conclusion, the single
transfer is a quite disfavored process or not a spontaneous
process.

A

Relative Energies (kJ mol™)

% chloroform
% -61.53
— S ph:l!il.'
thione

Fig. 3 Relative energy profile of the single proton transfer process
(thione-thiol tautomerism) in the gas phase and various solvents

Intermolecular double proton transfer reaction

In the crystal structure of the title compound [65], centro-
symmetric dimers (thione dimer) are formed via N—H--S
hydrogen bonds generating an R3(8) ring [66], that can
affect the tautomeric equilibrium [67]. Here, the intermolec-
ular double proton transfer between the thione and thiol
dimers has been investigated both in the gas phase and in
solution phase at the same level of theory. Optimizations of
the dimers were performed without symmetry constraints.

Some selected structural parameters belonging to the
thione and thiol dimers, and transition state (TS) geometries
optimized at the B3LYP/6—311++G(d,p) level are listed in
Table 4 (see the Supplementary data for full table), while the
energies of the thione and thiol dimers, energy differences
and activation energies are given in Table 5. The calculated
imaginary vibrational frequency of the transition state is
183i cm ! for the gas phase, 291i cm ™' for chloroform,
530i cm ' for methanol and 546i cm™' for water.

The most remarkable changes in bond lengths and bond
angles in going from the monomer structures to the cyclic
dimeric structures can be summarized as follows. In the
thione dimer, the S1—C1 and N2—H2 bond lengths in-
crease as a result of the N—H---S interactions, while the
N2—C1 and N4—C1 distances decrease. In addition, the S1
—C1—N2, C1—N2—H2 and N2—CI1—N4 angles be-
come larger, while the SI—C1—N4, N1—N2—C1 and
C1—N4—C2 angles become smaller. In the thiol dimer,
the S1—H2 and N2—C1 bond lengths increase as a result
of the S—H--'N interactions, while the S1—C1 distance
decreases. Also, the SI—CI1—N2, C1—S1—H2, N1—N2
—C1 and C1—N4—C2 angles expand as the N2—CIl—
N4, N2—N1—C2 and N3—N4—C1 angles contract. The
average N2--H2 and S1---H2 distances for TS structure are
found to be 1.576 and 1.465 A in the gas phase, 1.545 and
1.479 A in chloroform, 1.581 and 1.472 A in methanol, and
1.586 and 1.471 A in water, respectively.

The mechanism of the double proton transfer process
between the thione and thiol dimers is given in Fig. 4, while
the energy profile is shown in Fig. 5. The energy differences
between the two dimers were calculated to be —115.42,
-102.42, —111.37 and —127.61 kJmol " in going from gas
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Table 4 Optimized structural parameters of the thione and thiol dimers, and transition state of the title compound

Parameters Gas phase Chloroform (£=4.90) Methanol (¢=32.63) Water (¢=78.39)

Thione TS Thiol Thione dimer TS Thiol Thione TS Thiol Thione TS Thiol

dimer dimer dimer dimer dimer dimer dimer
Bond lengths (A)
S1—Cl1 1.683 1.739 1.747 1.687 1.739 1.750 1.692 1.741 1.751 1.692 1.742 1.751
S1—H2 - - 1.403 - - 1.390 - - 1.385 - - 1.387
N1—C2 1.315 1.318 1.319 1.315 1.319 1.320 1.315 1.319 1.321 1.315 1.319 1.320
N2—Cl1 1.342 1.314 1.310 1.341 1.316 1.311 1.339 1.316 1.312 1.339 1.316 1.312
N2—H2 1.030 - - 1.028 - - 1.028 - - 1.028 - -
N4—C1 1.389 1.380 1.380 1.386 1.378 1.377 1.383 1.376 1.376 1.383 1.375 1.377
Bond angles (°)
SI—C1—N2  131.10 12947 129.17 130.28 12893 12857 129.73  128.89 12833 129.67 128.86 128.25
SI—C1—N4 125.66  122.16  121.57 126.30 122,75 121.78  126.64 12278 121.83  126.68 122.80 122.05
C1—S1—H2 - - 94.30 - - 94.28 - - 94.23 - - 94.15
N1I—N2—C1 11295 10846 107.67 112.89 108.50  107.31 112.82  108.63  107.11 112.79  108.63  107.25
NI—N2—H2 120.40 - - 120.42 - - 120.45 - - 120.44 - -
C1—N2—H2 126.65 - - 126.69 - - 126.73 - - 126.76 - -
N2—C1—N4 10324 108.38  109.27 103.42 108.32  109.65 103.63 108.33 109.83 103.65 108.34 109.70
N2—N1—C2 106.60 109.10  109.49 106.50 108.90 109.43 106.36 108.72 109.41 106.41 108.71 109.42
N3—N4—C1 123.73 125.84 126.17 124.37 126.28  126.65 124.72 12649 126.83 12470 126.52 126.94
C1—N4—C2 10894 106.56 106.13 108.79 106.55 10596 108.66 106.51 105.89 108.65 106.50 105.91
¢ = dielectric constant
phase to water phase, respectively. The ground state energy ~ mol ' in going from the gas phase to water phase, respec-

of the thione and thiol dimers as well as the energy differ-
ences between the two dimers and the transition state in
Table 5 show that the thione dimer is more stable than thiol
dimer both in the gas phase and in solution phase.

The relative energies of the TS with respect to the thione
dimer were obtained as 116.47, 120.31, 130.40 and
131.76 kImol ' in the gas phase, in chloroform, in metha-
nol, and in water, respectively. Similar to that of thione-thiol
tautomerism, the barrier height increases on going from the
gas phase to water phase. It is seen that the stronger the
dipole moment of the solvent, the higher the barrier to the
proton transfer process. However, there is a discrepancy in
the reverse reaction. The reverse reaction has a very low
energy barrier with values of 1.05, 17.89, 19.03 and 4.15 kJ

tively. As a result, this reaction is much easier than the
forward proton transfer, especially in the gas phase and in
water.

In the PCM method, the reaction potential includes only
electrostatic solute-solvent interactions. However, important
effects associated with specific solute-solvent interactions
are neglected by the continuum approximation, especially in
the description of the proton transfer mechanism in
hydrogen-bonded systems. The solvent can control the dy-
namics of a proton transfer reaction via two distinct types of
solute-solvent interactions. The first is long-range solvent
polarization interactions and the second is specific short-
range hydrogen bonding interactions. In the second case,
protic solvents, like water, can accept a proton from the

Table 5 Energies of the thione and thiol dimers of the title 1,2,4-triazol-3-thione compound in hartree, and energy differences, activation energies

and thermodynamic parameters in kJmol '

Method & Thione dimer Thiol dimer AE Ea(f) Ea(r) AHzgg(t) Angg(f) TASzgg(f) AHzgg(r) Angg(r) TASzgg(I‘)

B3LYP 1 —2004.53333478 —-2004.48937408 —115.42 11647 1.05 87.72 96.12  —8.40 —6.66 —0.83 —5.83

PCM 4.90 —2004.54668912 —2004.50767866 —102.42 120.31 17.89  84.49 87.04  -2.55 3.35 2.90 0.44
32.63 —2004.55781754 —-2004.51539920 —111.37 130.40 19.03 101.67  105.97 —4.30 10.16 5.78 437
78.39 —2004.55895976 —2004.51035674 —127.61 131.76 4.15 103.31  110.92 —7.61 —5.35 -1.09 —4.26

¢ = dielectric constant, AE = Epione dimerEthiol dimer, Ea(f) = forward activation energy, E,(r) = reverse activation energy
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Fig. 4 The mechanism for the double proton transfer process between
the thione and thiol dimers and corresponding transition structure (TS)

donor site of the solute molecule and transfer a different
proton to the acceptor site on the solute. In this way, the
solvent influences the whole reaction path by lowering the
energy barrier due to the direct participation of solvent
molecule(s) in the proton transfer [68].

The standard enthalpy and free energy changes for the
double proton transfer are also listed in Table 5. Similar to
those observed in thione-thiol tautomerism, the forward
double proton transfer (from thione dimer to thiol dimer)
is found to be endothermic with large positive standard
enthalpy and free energy changes both in the gas phase
and in solution phase. The reverse reaction (from thiol dimer
to thione dimer) has a negative value in enthalpy and free
energy changes for both the gas phase and water phase, so
indicating an exothermic process (a favored process or a
spontaneous process). However, a positive change found for
chloroform and methanol solvents in the reverse reaction
demonstrates an endothermic process, although their barrier
heights are relatively low.

When the intramolecular and intermolecular proton trans-
fer reactions are compared, it is casily seen that the

A

Relative Energies (kJ mol™)

-111.3
WL ”— methanol
e -102.42
", — chloroform
. -115.42
— o5 phase

thione dimer

thiol dimer

Fig. 5 Relative energy profile of the double proton transfer process
between the thione and thiol dimers in the gas phase and various
solvents

activation energies for the forward intermolecular proton
transfer reaction are almost reduced by a half although
the transferred proton number is increased two times.
The same trend is also observed in enthalpy and free
energy changes.

Intermolecular hydrogen bonding interactions

The geometrical and energetic features of the intermolecular
hydrogen bonding interactions observed in the solid state
structure of the title compound were investigated at the same
level in the gas phase, and the results are tabulated in Table 6
together with its experimental values.

It can be observed from the table that the calculated
hydrogen bond lengths are 2.325 and 2.200 A for N2—
H2--S1 and N3—H3B---O1 interactions, respectively,
which are shorter than those of X-ray values. Due to the
hydrogen bonding, the bond lengths N2—H2 and N3—
H3B are found to be slightly increased by 0.022 and
0.003 A, respectively, as compared to those in free thione
tautomer (N3—H3B = 1.019 A) in the gas phase. The N2—
H2--S1 angle is found to be almost linear at 179.33° being
characteristic of a strong hydrogen bond, while the N3—
H3B---O1 angle is less linear at 166.33° being indicative of a
weaker hydrogen bond. These are consistent with the com-
puted BSSE corrected binding energies.

The S atom has been known to act as proton acceptor in
H-bonds, but there is even less information about S as a
proton donor. Desiraju and Steiner [21] point out that S—
H-*NH-bonds occur in crystals only very rarely. So, inves-
tigation of the intermolecular S—H:-*NH-bonds in the thiol
dimer may be useful since very limited experimental [69] or
theoretical [70—74] information about S as a proton donor is
available in the literature. Table 6 includes the values of the
geometric and energetic parameters for intermolecular S1—
H2:---N2H-bond. The S1—H2-"N2 interaction leads to an
increase in the S—H bond length by 0.05 A, as compared to
that in free thiol tautomer. The calculated hydrogen bond
length is 1.814 A, and the collinear bond angle is very close
to being linear at 178.24°.

The computational results show that the cyclic dimer
formed by paired N2—H2--S1 interactions is found to be
the thermodynamically most stable as compared to the other
dimer (NHO) formed by one N3—H3B:--O1 interaction, the
difference between their total energies being —25.22 kJ
mol ', According to the total energies, the relative order of
stability between the three dimers is thione dimer > NHO >
thiol dimer. As can be seen from Table 6, the BSSE cor-
rected binding energies are calculated to be —26.478 and
—24.166 kJmol ™" for the N2—H2--S1 and N3—H3B--01
interactions, respectively. Hence, the N2—H2--S1 hydro-
gen bond is stronger than the N3—H3B--O1 bond. Addi-
tionally one can observe that S1—H2--*N2 H-bonds in thiol
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Table 6 Intermolecular H-bond

geometries, interaction energies Parameters N2—H2--S1 N3—H3B--01 S1—H2---N2
and thermodynamic parameters
(kTmol ") in the gas phase Experimental Theoretical Experimental Theoretical Theoretical
D—H (A) 0.90(2) 1.029 0.88(4) 1.022 1.398
H-A (A) 2.34(2) 2.325 2.37(4) 2.200 1.814
D--A (A) 3.2400(16) 3.353 3.083(2) 3.203 3.212
D—H:A (°) 174(2) 179.33 138(3) 166.33 178.24
E - -27.557 - -27.014 —33.553
Ecp - —26.478 - —24.166 —-31.603
E%f - 2.326 - 4.904 4.492
E = uncorrected binding energy, BT B 24152 B ~19.262 —27.H1
Ecp = BSSE corrected binding AHog - —43.58 - —19.64 —52.24
energy, E%f = deformation ener- AGrog - -1.32 - —0.65 -1.94
gy, E°”" = BSSE corrected total TAS»og _ —42.26 _ ~18.99 ~50.30

interaction energy

dimer are stronger than the corresponding N2—H2--S1
bonds in thione dimer; this is not surprising and in line
with the Leffler-Hammond postulate [75, 76], since the
corresponding hydrogen bonds are stronger for systems
closer to the transition state.

The standard enthalpy and free energy changes for the
three complex formations are also listed in Table 6. The
values of the standard enthalpies show that all complex
formations are enthalpically favored (exothermic). The val-
ues of TAS,9g imply large entropy changes during the
complex formations. Using the AG,og values, the com-
plexes follow the next stability pattern:

S1—H2---N2 > N2—H2-.-S1 > N3—H3B - -- Ol.

This pattern shows that the supersystem formed by the
S1—H2---N2 interaction is the most stable one, which is in
an agreement with the H-bond lengths and strengths dis-
cussed above. If one takes into account the deformation
energy due to the process of complexation, it is seen that
the binding energies become weaker.

Conclusions

In this paper, I have reported the results of theoretical
investigations of the structural parameters, intramolecu-
lar single proton transfer reaction (thione-thiol tautom-
erism), intermolecular double proton transfer reaction
(between hydrogen-bonded thione and thiol dimers), and hy-
drogen bonding interactions in thione and thiol tautomers of
the title 1,2,4-triazole compound using the B3LYP/6—311++G
(d,p) method. The solvent effect on the structures and
single and double proton transfer reactions was also
studied in three kinds of solvents (chloroform, methanol

@ Springer

and water). The major conclusions to be gleaned from
this work are the following:

1. The structural parameters of the title molecule calculat-
ed in the gas phase and in solvents are in very good
correspondence with X-ray experimental data. The best
geometrical parameters are obtained for methanol sol-
vate in solution phase with an RMS overlay error of
0.080 A. The predicted NLO properties of the two
tautomers are greater than the ones of urea. So, both
tautomers are a good candidate as second-order NLO
material.

2. It is determined that the thione form is the predominant
tautomer both in the gas phase and in solution phase.
The predicted energy difference between thione and
thiol tautomers is within the range ca 59-62 kJmol ',
while the activation energy of thione-thiol tautomeriza-
tion process is within the range ca 197-231 kJmol ' for
thione — thiol reaction, and within the range ca 136—
171 kJmol™" for thiol — thione reaction. The barrier
height for both the forward and reverse single proton
transfer reaction increases upon shifting from the gas
phase to water phase. Thus, the tautomerization does
not occur from the thermodynamic and kinetic points of
view both in the gas phase and in solution phase. These
findings are also confirmed by large positive standard
enthalpy and free energy changes.

3. When the dimerization of the two tautomers is investi-
gated, the thione dimer is found to be more stable than
thiol dimer both in the gas phase and in solution phase,
the energy differences being within the range ca 102—
128 kImol '. For the double proton transfer process
from the thione dimer to thiol dimer, the barrier height
is within the range ca 116132 kJmol ' indicating an
unfavored process with large positive standard enthalpy
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and free energy changes. However, very low energy
barrier is found for the double proton transfer process
from the thiol dimer to thione dimer, within the range ca
1-19 kJmol ', However, only the transfer process in the
gas phase and in water phase is allowed by a negative
value in enthalpy and free energy changes indicating an
exothermic process.

All complexations formed by intermolecular N2—
H2--S1, N3—H3B:--O1 and S1—H2:--N2H-bonds are
enthalpically favored. Comparing the values of uncor-
rected binding energies (£), BSSE corrected binding
energies (Ecp) and BSSE corrected total interaction
energies (E°™), the stability of the H-bonds follows the
order S1—H2--N2 > N2—H2--S1 > N3—H3B--O1.
The trend in this stability pattern is also found by
comparing the AG,og values of the interactions.
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