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A theoretical quantum chemical study of the intramolecular hydrogen bonding interactions in 8-mercapto-
quinoline has been carried out. Special attention has been paid to the rotation of S-H bond and intramolec-
ular proton-transfer reactions. Therewith, the B3LYP/6-311++G(d,p), B3LYP/6-31+G(2d,2p), MPW1K/6-
311++G(d,p), MPW1K/6-31+G(2d,2p), BH&HLYP/6-311++G(d,p), and G96LYP/6-311++G(d,p) methods
have been used. By means of the Onsager and PCM reaction field methods, the effects of solvent on hydrogen-
bond energies, conformational equilibria, rotational barriers, and tautomerism in aqueous solution have been
studied. These simulations were done at the MPW1K/6-311++G(d,p) and B3LYP/6-311++G(d,p) levels.
Natural-bond orbital analysis has been performed to study the intramolecular hydrogen bond (IHB) in the
gaseous phase and in aqueous medium. The stability of forms under consideration in solution does not coincide
with that in the gaseous phase, underlining a great importance of the electrostatic influence of solvent. Double-
proton transfer in the prototropic tautomerization of 8-mercaptoquinoline, one water molecule complex in
the gaseous phase and in solution, has been systematically studied. The double-proton transfer occurs
concertedly and synchronously. The water-assisted tautomerization is kinetically less, but thermodynamically
more favorable, compared to that of the single-proton transfer. As in the case with single-proton transfer, for
water-assisted reaction, the tautomerization energies and barrier heights decrease with the increase in dielectric
constant, which implies faster and more complete tautomerization of 8-mercaptoquinoline in a polar solvent.

Introduction

For solving modern problems of coordination chemistry,
analytical science, development of the theoretical bases of metal
ion interaction with organic compounds, of considerable interest
is the comparative study of reagents, which are close to each
other by structure and differ only by active donor atoms ligating
metal. The examples of such reagents are substances containing
oxygen, sulfur, and selenium as donor atoms. In this connection,
it should be of importance to explore 8-mercaptoquinoline
(8-MQ), the sulfur-containing analogue of 8-hydroxyquinoline.
The chemistry of intramolecular hydrogen bond (IHB) formation
in 8-MQ has been researched widely by various experimental
methods,1-3 but there is the substantial lack of theoretical
computational studies in this area.

Barriers of the S-H group rotation between two planar
conformations can shed light upon the conditions of IHB
formation or cleavage in the 8-MQ molecule.

The 8-MQ explicit capability of forming the zwitterionic
tautomer, in contrast to 8-hydroxyquinoline, may be explained
by the presence of vacant d-orbitals in the sulfur atom. These
orbitals could assist the sulfur atom interaction, by means of
3dπ -2pπ conjugation, with the quinolineπ-system. Because
of the electron-acceptor character of 3d-orbitals, the sulfur atom

in 8-MQ attracts electrons from the quinoline system, which is
confirmed by the dramatic decrease in the basicity of the
nitrogen atom4,5 compared to that of 8-hydroxyquinoline.4 The
clarification of questions related to the formation and structure
of the zwitterion of 8-MQ is of great significance for explaining
the physicochemical properties of chelates of metals with
incompletely occupied d-orbitals.6 The structural peculiarities
of the zwitterionic form and its stabilization in polar solvents
may be explained by the formation of molecular complexes of
zwitterions with solvent molecules. The polar solvent molecules
play a significant role not only in the stabilization of the
zwitterionic form. A proton may pass completely from the S-H
group to the nitrogen atom under the condition of definite
orientation of polar solvent molecules surrounding the 8-MQ
molecule. The force field of the intermolecular interaction
contributes to the S-H bond polarization via strengthening the
IHB and, as a result, reduces the energetic barrier height of
complete proton transfer.7 Because the majority of proton
transfers occurs in aqueous solution, it is necessary to consider
the role of water molecules in the proton transfer. Water is not
solely a solvent, but also a mediator, which gives and accepts
protons to promote the large-distance proton transfer. In
connection with the aforesaid, it would be useful to consider
the double-proton transfer in water-assisted tautomerization of
8-MQ. Such a process has been studied recently by Fang et
al.,8 but only for 8-hydroxyquinoline and for the gaseous phase.
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The present study focuses on the investigation of such charac-
teristics as the energy of the 8-MQ complexation with water
and tautomerization energy as well as the barriers of single and
double-proton transfer in the gaseous phase and in solvents
(using the self-consistent reaction field approach). We believe
that these results obtained for such a model system as the
8-MQ-H2O complex may be useful for further systematic
studies of various species reactivity in processes involving
double-proton transfers in hydrogen-bonded complexes.

The paper is organized as follows. The Computational
Methods section outlines the computational details. Sections 1.1
and 1.2 present the geometry, IR spectra, and relative stability
of rotamers and tautomers of 8-mercaptoquinoline. Section 1.3
demonstrates the reaction barriers, and section 1.4 shows the
Mulliken charge distribution and dipole moments. In Section
1.5, the natural bond orbital (NBO) analyses are considered.
Section 2.1 presents the water-assisted tautomerization in the
gaseous phase and in various media. Section 2.2 examines the
NBO analysis of the 8-MQ-H2O complex. Finally, the Conclu-
sions section outlines the summary remarks.

Computational Methods

All calculations of electronic structure in this paper were
carried out using the Gaussian 98W package.9 Four different
self-consistent field-density functionals were used for the
calculations: the hybrid B3LYP functional, which combines
the three-parameter exchange functional of Becke10 with the
LYP correlation one;11 the hybrid model called the modified
Perdew-Wang one-parameter model for kinetics (MPW1K);12

the hybrid Half-and-Half (BH&HLYP) functional;13 one-
parameter hybrid functional with Gill 96 exchange, and LYP
correlation functional (G96LYP).14 The computations were
performed using tight convergence criteria.15 The 6-31G(d,p),16

6-31+G(2d,2p),17,18 and 6-311++G(d,p)19,20 basis sets were
used. The initial geometries were generated by HyperChem
(HyperChem, Hypercube, Inc., Gainesville, FL 32601, U.S.A.)
and optimized in three steps. On the first step, the geometry
was optimized using the restricted Hartee-Fock method with
the STO-3G basis set. No geometrical constraints were imposed
on the molecules. The second optimization step was performed
using the B3LYP/6-31G(d,p) level. The final optimizations
were performed at B3LYP/6-311++G(d,p), B3LYP/6-31+G-
(2d,2p), MPW1K/6-311++G(d,p), MPW1K/6-31+G(2d,2p),
and BH&HLYP/6-311++G(d,p) levels. Harmonic vibrational
frequencies were computed to evaluate the zero-point energy
(ZPE) corrections, which we have included in all the relative
energies. The transition-state calculations used the synchronous
transit-guided quasi-Newton (STQN) method.21 For all the
transition states, the existence of imaginary frequencies22 were
stated, and then a further characterization of the transition states
was achieved by calculation of the intrinsic reaction coordinate
(IRC).23 leading to the corresponding energy minima. NBO
analysis has been performed by the NBO 3.1 program.24

Specific interaction between the solute (8-MQ) and the
solvent (water) was considered at the B3LYP/6-311++G(d,p),
MPW1K/6-31+G(2d,2p), BH&HLYP/6-311++G(d,p), and
G96LYP/6-311++G(d,p) theory levels. The formation energies
for the water-containing complexes were calculated as the
differences in energies between the complex 8-MQ-H2O and
two separate molecules, 8-MQ and H2O. For such energy
estimations, the basis set superposition error (BSSE) holds much
significance. The BSSE was corrected by the Boys and Bernardi
counterpoise correction scheme:25

where E(A)AB and E(B)AB are the energies of the separate
molecules A and B calculated with the full basis set of the AB
complex under the zero charges of imaginary atoms, the spatial
positions of which coincide with those in the AB complex, and
theE(A)A andE(B)B are the energies of the separate molecules
A and B with their own basis sets.

The SCRF theory26 was used to optimize the structures and
to calculate the energies for 8-MQ and 8-MQ-H2O complex
at different values of dielectric constants. Frequencies were
calculated for both the ground and transition states. In the
Onsager model,27 the radius of the solute molecular system was
calculated from the molecular volume for the structure optimized
in the gaseous phase. The polarizable continuum model (PCM)
was also used.28 In this approach, the solute, treated quantum
chemically, is placed in a cavity surrounded by the solvent. The
latter is considered as a continuum characterized by such its
bulk property as a dielectric constant. The standard PCM
calculations of the solvation energies with 60 initial tesserae
per atomic sphere were performed, and the UAHF29 model was
also applied using the Pauling set of atomic radii.

Results and Discussion

1. Rotation Barriers and Tautomerization. 1.1. ConVen-
tional Analysis of the Geometry Data and IR Spectrum.The
computed geometries of various forms of 8-MQ (Figure 1) are
presented in Table 1. The parameters optimized by the B3LYP/
6-311++G(d,p) and MPW1K/6-311++G(d,p) methods are in
line with each other. The molecular systems I-III belong to
theCs symmetry point group, and the transition states TS1 and
TS2 to the C1 group. The molecules I-III possess planar
structure in the gaseous phase. The carbon atoms, along with
the S-H and N-H bonds, lie in one plane. Thus, the conjugate
system includes all the carbon atoms and heteroatoms. In
molecule I, the S-H bond distance is 1.351 Å (B3LYP) and
1.339 Å (MPW1K). In passing to the II conformer, this bond
lengthens a little, and the increase in S11-N1 internuclear
distance is also observed. The most important internuclear
distances responsible for proton transfer are N1-H12 and S11-
N1. On the proton-transfer IIf III, the distance between sulfur
and hydrogen (S11-H12) enlarges, and between nitrogen and
hydrogen (N1-H12) reduces. The results obtained show that
the distance between sulfur and nitrogen (S11-N1) becomes
longer in going from I to II and shorter on the IIf III transfer.
The distances between the nitrogen atom and labile hydrogen
atom in II, as well as between the sulfur atom and the same
hydrogen atom in III, are close to 2 Å. Therefore, according to
the computations at all the theory levels applied, the IHB exists
in the systems II and III. In the series If II f III, the decrease
in C7-S11 distance takes place. The angle∠(C7-C6-N1)
diminishes greatly when passing from II to III. In the system
III, the C-S bond gains a double character to some extent
compared to that of I and II. As can be seen from Table 1, the
solvent reaction field exerts some influence on the geometry of
molecules under investigation. In the aqueous solution, the
geometries of I-III appear to be slightly nonplanar. In com-
parison with the gaseous-phase calculations, one could observe
some deviations of dihedral angles listed in Table 1 from the
plane of quinoline system. The calculated N1-H12, S11-H12,
S11-C7, and S11-N1 distances in the I-III species have been
found to alter slightly in going from the gaseous phase to
solution. In particular, for the tautomer III, these bonds (except
for N1-H12, which shortens) lengthen by about 0.05-0.1 Å.

BSSE) [E(A)AB + E(B)AB] - [E(A)A + E(B)B]
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In aqueous medium against the gaseous phase, in the molecule
I, the hydrogen bond N1...H12 becomes longer by 0.06 Å, and
in the III molecule, the hydrogen bond S11...H12 becomes
shorter by about 0.14 Å. The most severe change in the reaction
field is observed for the∠(C6-N1-H12) angle. This angle
decreases by∼ 4° in moving from the gaseous phase to solution.

Some bands of the IR spectrum of 8-MQ (structures II and
III) are shown in Table 2. The numerical values of experimen-
tal30,31 vibrational frequencies have been compared with the
theoretical ones. One could see that theν(S-H) vibration in II
is pure, i.e., it is not mixed with any other mode. The latter is
confirmed by the experimental data.7 As is known,7 the
ν(S-H) band, measured in dilute solution and in liquid film,
does not dependent upon concentration. This fact allows one
to conclude that, for the form II of 8-MQ, the band of moderate
intensity in the area of 2535-2500 cm-1 should be assigned to
the ν(S-H) vibration perturbed by the S-H...N IHB.32 In the
case of structure III, theν(N-H) band (Table 2) also represents
a pure vibrational mode and is perturbed by the N-H...S IHB,
which is in agreement with the experimental data.7 Among the
approaches used, the most applicable one for reproducing the
IR spectrum of 8-MQ seems to be the B3LYP/6-311++G(d,p)
theory level.

Direct correct computation of vibrational frequencies is a very
complicated problem requiring the ab initio or DFT approach.
Therewith, the Hartree-Fock method dramatically (by
200-500 cm-1) overestimates the high frequencies (g1600
cm-1), considerably underestimates low ones (e300 cm-1), and
systematically (by 100-200 cm-1) overestimates the rest
because of nonallowance for electron correlation.33,34The latter,
even being considered within the framework of MP2 theory,
does not contribute to the better situation. The DFT (B3LYP)
method is much more successful in simulating the aforesaid
values: high frequencies (g1600 cm-1) are overestimated
100-150 cm-1, low frequencies (e300 cm-1) are underesti-
mated to a lesser extent, and moderate ones (300-1600 cm-1)
are overestimated 20-50 cm-1. However, the hybrid character
of DFT (presence of a semiempirical component) in a number
of cases leads to greater errors for low frequencies (e 500 cm-1)
and to the nonpredictable asymptotic behavior of adiabatic
potential at long internuclear distances.35 For poor-symmetry
molecules, the frequency computation is severely complicated
by the anharmonic disturbances as those of the Fermi resonance
type by the presence of composed frequencies and a decreased

number of experimental criteria of assignment. Besides, on the
difference between vibrational level energies comparable to the
quantum chemical method error (20-50 cm-1 with respect to
DFT), accidental coincidence between the computed and
experimental frequencies is possible.

For all the frequencies presented in the Table 2, the most
adequate evaluations have happened to be those performed by
means of the B3LYP method. Under this condition, the errors
appear to be within the limits pointed out in the works.34,35 As
for the frequencies of N-H and C-S valent vibrations, the latter
item is valid also for the MPW1K and BH&HLYP methods. It
is important to note that the B3LYP computations reproduce
well the experimentalν(N-H) and ν(C-S) values without
scaling.

1.2. RelatiVe Stability of Rotamers and Tautomers of 8-Mer-
captoquinoline.The results of the gaseous-phase calculations
(Table 3) of three possible species I-III using different DFT
methods and basis sets indicate that the most stable structure is
the II one. The least stable tautomer is III, 8-12 kcal/mol in
relation to II. These results show that only the form II should
be present in the gaseous phase. The hydrogen-bond energy is
estimated by comparing the energies between the conformer
with the hydrogen bond and the rotamer, in which the SH group
is rotated by 180° to prevent hydrogen bonding. The most
successful result with respect to the IHB energy, about 2.3
kcal/mol (difference of sums of electronic and thermal enthal-
pies, including ZPE corrections), was computed using the
MPW1K/6-311++G(d,p) level. The experimentally observed
value of the IHB enthalpy is 2.8 kcal/mol.36,37Despite the larger
number of the basis functions in the 6-31+G(2d,2p) basis set
compared to that of the 6-311++G(d,p) one, computations with
the 6-31+G(2d,2p) basis set underestimate the IHB energy. To
study the relative stability of the different tautomers in aqueous
solution, the solvation effect has been considered via the SCRF
method, which provides a simple description of the complex
process of solvation. The first variant of the above method used
is based on Onsager’s reaction field theory, and another one
corresponds to the polarizable continuum model (PCM). The
solvent effect on the IHB and tautomerism is given in Table 4,
where the energies of the solvated 8-MQ species in water
(dielectric constantε ) 78.39) are presented. It can be inferred
from this table that the stability order of the forms in aqueous
solution does not strongly depend on the method used to
simulate the solvent. However, when using the Onsager model,
the stabilizing effect of the solvent upon IHB takes the value
of -0.256 kcal/mol, but the increase in IHB energy in the
aqueous solution is unlikely. In the case of PCM, the above
value is 1.456 kcal/mol. The polar solvent should stabilize
preferably the structure III with a higher dipole moment (Table
7), and the SCRF calculations predict that the III form is favored
over II in aqueous solution.

The Onsager model failure for the IHB energy variation trend
when changing a solvent, could be due to the assumption of a
spherical cavity. Because the molecule is planar, the spherical
cavity is not adequate; moreover, the Onsager approach requires
that the electric dipole is located at the cavity center, which is
not true in most cases.

Nevertheless, the results obtained are indicative of the similar
performance of the SCRF methods, i.e., the Onsager and PCM
models, when treating the IIf III tautomerization. The tautomer
III predominates in aqueous solution. Obviously, there is the
extremely valuable solvent contribution to the tautomer III
stabilization. Consequently, the tautomerization reaction pro-
ceeds in a greater degree in polar media, which corresponds to

Figure 1. Structures of rotamers and tautomers of 8-mercaptoquinoline.
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the experimental data.1 According to Albert et al.,1 about
96% of zwiterionic form III exists in an aqueous solution of
8-MQ.

1.3. Reaction Barriers.Table 5 contains the calculated
gaseous-phase energy differences (rotational barriers) between
the transition structure (TS1) and the stable I and II conformers.
The values of the If II rotation barrier calculated using the
B3LYP, MPW1K, and BH&HLYP methods with different basis
sets are within the range of 3.384-4.132 kcal/mol. As a
reference method for the most precise computations of the
transition states, MPW1K was chosen, which simulates quite
adequately both the geometry of saddle-point structure and the
barrier heights.38 The conformer II would occur promptly
from I. The reverse rotation (IIf I) barrier has a value of
5.205-6.203 kcal/mol. In the transition state of the If II and
II f I processes, the dihedral angle∠(C6-C7-S11-H12) is
∼104°; thus, the SH group is turned drastically to the plane of
the quinoline system.

The proton-transfer reaction IIf III has been studied in this
paper. As mentioned above, the proton transfer may occur in
8-MQ because of a short distance (about 2 Å) between N1 and
H12. The transition state (referred to as TS2) for prototropic
tautomerization was computed, and the existence of a first-order
saddle point was proved. This transition state, similarly to the
II and III tautomers, has a planar structure. In the gaseous phase,
the N1-H12 distance is 1.258 Å, whereas the S11-H12
distance is 1.684 Å (MPW1K/6-311++G(d,p)). Thus, one
should believe that the S-H bond is broken, and the N-H bond
appears in the transition state. This reaction is severely endo-

thermic, and the transition state geometry (in accordance with
the Hammond postulate) is close to that of the product. The
MPW1K/6-311++G(d,p) barrier heights for the IIf III and
III f II reactions are 10.585 and 0.101 kcal/mol, respectively.
Evidently, because of a very low barrier, the reverse proton
transfer would proceed very readily. The barrier heights for both
of the processes IIf III and III f II are somewhat dependent
on the theory level. Our calculations predict that the proton
transfer from II to III is difficult to observe experimentally in
the gaseous phase. We have theoretically considered also the
above reaction in the aqueous solution. In TS2, N1-H12
lengthens by 0.054 Å (against the gaseous phase), whereas the
S11-H12 distance shortens by 0.055 Å. The barrier height for
II f III reaction decreases by 2.741 kcal/mol, and the barrier
height for the reverse process increases by 4.292 kcal/mol. The
process IIf III is kinetically and thermodynamically more
favored in a polar solvent, and the III tautomer is more stable
compared with that of II in aqueous solution, which agrees with
the experimental results.7

1.4. Mulliken Charge Distribution and Dipole Moments.
Starting from the Mulliken population analysis,39 we have
explored the charge distribution in the species I-III for both
the gaseous phase and a polar medium. Total atomic charges
in the possible rotamers and tautomers of 8-MQ are summarized
in Table 6. Our consideration involves the charges on labile
hydrogen, as well as on sulfur and nitrogen atoms. According
to the gaseous-phase computations, in the course of rotation (I
f II) and proton transfer (IIf III), a positive charge on the
hydrogen atom H12 of S-H group increases slightly, while on
the adjacent nitrogen, the positive charge diminishes as a result
of rotation (If II) and grows on the proton transfer (IIf III).
As for the sulfur atom, it gains a considerable additional negative
charge during the reactions If II and II f III. The charge
distribution in the structures under study often changes es-
sentially when acted upon by a solvent reaction field. We
examined the charge distribution using the Onsager and PCM
models. Water served as a polar medium. Within the framework
of the PCM model, the charge distribution in the I-III systems
was found to be influenced by the dielectric medium. In the
case of the Onsager model, such influence is less profound. It
is remarkable that the electron distribution on the S11, N1, and
H12 atoms (PCM model) is perturbed by the reaction field.
Hence, the solvent should affect the internuclear distances.

TABLE 1: Selected Optimized Geometries for Rotamers and Tautomers of 8-Mercaptoquinoline at Different Theory Levelsa

I II III

A B C A B C A B C

Bond Lengths (Å)
N1-H12 2.187 2.156 2.193 1.042 1.044 1.037
S11-H12 1.351 1.339 1.353 1.353 1.342 1.355 2.245 2.173 2.382
S11-C7 1.778 1.756 1.781 1.773 1.751 1.777 1.721 1.705 1.741
S11-N1 2.889 2.582 2.912 3.022 2.985 3.018 2.919 2.867 2.971

Bond Angles (deg)
∠(C7-S11-H12) 94.823 94.928 95.550 93.720 93.900 94.319
∠(C6-N1-H12) 91.153 91.417 91.448 110.206 109.435 114.054
∠(C6-C7-S11) 116.423 116.926 116.892 120.833 120.666 120.542 119.527 118.978 119.889
∠(C8-C7-S11) 124.220 124.364 123.368 119.913 120.108 119.800 126.669 127.273 125.300
∠(C6-N1-C2) 118.398 118.392 118.339 118.894 118.889 118.787 124.817 124.627 124.537
∠(C7-C6-N1) 118.151 117.881 118.626 119.091 118.887 119.207 116.989 116.365 118.608
∠(N1-H12-S11) 115.203 115.131 114.481 120.465 121.966 114.909

Dihedral Angles (deg)
∠(C5-C6-C7-S11) 180 180 179.556 -180 -180 -179.675 180 180 179.586
∠(C6-C7-S11-H12) 180 180 176.631 0 0 0.583
∠(C3-C2-N1-H12) 180 180 179.006

a A: B3LYP/6-311++G(d,p); B: MPW1K/6-311++G(d,p); C: B3LYP/6-311++G(d,p) in aqueous solution within the SCRF PCM method.

TABLE 2: Theoretical (Unscaled) and Experimental (in
Carbon Tetrachloride) Vibrational Frequencies (cm-1) of
8-Meraptoquinoline and Its Zwitterionic Form

level ν(S-H) ν(N-H)a ν(C-H) ν(C-S)

B3LYP/6-311++G(d,p) 2628 3019 3143, 3164, 671
3166, 3175

MPW1K/6-311++G(d,p) 2738 3072 3232, 3253, 690
3263, 3277

BH&HLYP/6-311++G(d,p) 2764 3210 3243, 3260, 695
3263, 3270

expb 2520 3000 3025-3060 659

a The ν(N-H) band, which is present in the zwitterionic structure
III. 7 Registered for methyl and phenyl derivatives of 8-mercapto-
quinoline in the crystal state.b The experimental IR data in carbon
tetrachloride are attributed to the structure II.30-32
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Indeed, in the molecule II, the N1...H12 distance (PCM:B3LYP/
6-311++G(d,p)) lengthens slightly in aqueous medium com-
pared to that of the gaseous phase. The energy released because
of the dipole-dipole interaction between polar solvent and
solute molecules is sufficient to lose considerably the intramo-
lecular forces in solution. Thus, the hydrogen bond is weaker
to a somewhat greater extent in polar solvent.

A comparison within the data of Table 7 shows that the dipole
moment values are scantily dependent on the computation level.
For all the species, the differences in dipole moments in solution
are more pronounced than those in the gaseous phase. It could
be mentioned also that the calculated dipole moment of the
molecular system III is much higher than that for II and I. Hence,
the reaction field exerts a greater effect on the III structure and
makes III more preferable in aqueous solution7 as is discussed
below.

On the basis of the comparison of dipole moments at different
concentrations of zwitterionic forms of 8-MQ and its derivatives
in solution, it has been proposed7,40,41that the capability of these
compounds of forming zwitterions is governed to a great extent
by the value of the dipole moment vector of the II form, and
the direction of the dipole moment vector determines the
functional groups of 8-MQ, with which the solvent molecules
interact. We have computed the direction of the dipole moment
vector (Figure 2). The force field of the solvent molecules
interacting with the form II promotes the polarization of the
S-H bond and proton transfer to the nitrogen atom of the
quinoline system.

1.5. NBO Analysis.The natural bond orbital (NBO) analy-
sis of the IHB for II and III structures was carried out in the
gaseous phase and in aqueous solution. The contributions
involving the lone electron pairs of nitrogen and sulfur were
taken into account. The results are presented in Table 8.
We considered the interactions with the energy exceeding 5
kcal/mol. The stabilization energies were estimated by analyzing
the interactions between the “filled” Lewis-type NBOs and the
“empty” non-Lewis NBOs. Our findings are indicative of the
occurrence of interactions resulting in a small electron-density
transfer from the localized NBOs of the idealized Lewis structure
into the empty non-Lewis orbitals. The set of 42 substantially
occupied NBOs consists of 97% of the electron density for II
and III structures in both media. The results show that the
delocalization interactions are especially considerable for the
π-system and for the lone pairs (n) of the nitrogen and sulfur
atoms.

In the processes of the electron transfer in the structure II,
the following interactions are observed: the electron transfer
from the lone pair of N1 to the antibonding orbitals C5-C6
and C2-C3 as well as from the antibonding orbital C5-C6 to
the C7-C8 and C9-C10 antibonding orbitals. Besides, a
contribution representing the electron transfer from the lone pair
of S11 to the antibonding orbital C7-C8 appears. Thus, the
charge transfer from the lone pairs of the electron donors (N
and S) and antibonding orbitals of the molecule’s central part
is directed mainly to the antibonding orbitals of the remote part
of the compound. The latter agrees with the results discussed
in the review.42 It is interesting that the antibonding C5-C6 f
C7-C8 interaction becomes appreciable only in aqueous
solution.

The most essential delocalization in the structure III between
the lone pair of S11 and the antibonding orbitals C6-C7 and
N1-H12 should be regarded as the IHB manifestation leading
to the formation of a five-membered quasiring.

The effect of the IHB has been studied by comparing two
conformers I and II. We assume that the differences in the
charges obtained by the NBO analysis, as well as in Wiberg
bond orders, reflect the effect of IHB on the electron density
distribution in the molecule. The changes in the natural charges
and in the bond orders of II with respect to I from B3LYP/
6-311++G(d,p) calculations in the gaseous phase and in
aqueous solution are depicted in Figure 3. The charge distribu-
tion of II shows that the weak (compared to that of I) character
change of the bonds involved in the hydrogen-bonded five-
membered quasicycle takes place. The electron density on sulfur
and nitrogen atoms increases and on labile hydrogen diminishes,
the smaller change being in aqueous solution. In the latter, the
greatest increase in the electron density is observed on C7, and
some diminution on C5 and C6. The involvement of C5, C6,
and C7 atoms in the electron density changes in solution, in
contrast to that of the gaseous phase, is in agreement with
significant BD*(C5-C6) f BD*(C7-C8) donor-acceptor

TABLE 3: Total a (E) (a.u.) and Relative to II (∆E, ∆H) (kcal/mol) Energies for Rotamers and Tautomers of
8-Mercaptoquinoline in the Gaseous Phase Including Zero-point Energy (ZPE) Correction

I II III

level E ∆E ∆Hb E ∆E E ∆E ∆H

B3LYP/6-31G(d,p) -799.948500 2.071 2.112 -799.998151 0 -799.984112 8.810 8.599
B3LYP/6-311++G(d,p) -800.112109 1.857 1.994 -800.115069 0 -800.100064 9.416 9.198
B3LYP/6-31+G(2d,2p) -800.021105 1.795 1.852 -800.023966 0 -800.009436 9.118 8.899
MPW1K/6-311++G(d,p) -799.976522 2.218 2.311 -799.980057 0 -799.963350 10.484 10.250
MPW1K/6-31+G(2d,2p) -799.899567 2.063 2.099 -799.902854 0 -799.886699 10.137 9.894
BH&HLYP/6-311++G(d,p) -799.833972 1.821 1.877 -799.836874 0 -799.817381 12.232 11.978

a Sum of electronic and zero-point energies.b Differences of sums of electronic and thermal enthalpies.

TABLE 4: Energies of Hydrated Forms of
8-Mercaptoquinoline Using Different SCRF Methods

form
Onsager model;

MPW1K/6-311++G(d,p)
PCM;

B3LYP/6-311++G(d,p)

Total Energies
I -799.977738a(-800.117729)b -800.257638c

II -799.981682 (-800.122686) -800.258277
III -799.976183 (-800.140171) -800.259117

∆Ed

I 2.475 (3.111) 0.401
II
III 3.451 (-10.972) -0.527

∆He

I 2.587
II
III 3.210

Processes; Transition States; Barriersf

TS1: I f II 3.029
TS1: II f I 2.113

TS2: II f III 7.844
TS2: III f II 4.393

a Sums of electronic and zero-point energies in Hartree/particle.
b Total energies of solute (SCRFE-field) in Hartree/particle.c Total
energies of the polarized solute (PCM) in Hartree/particle.d Relative
to II energies in kcal/mol.e Differences of sums of electronic and
thermal enthalpies in kcal/mol.f Relative to II energies in kcal/mol.
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interactions occurring only in the aqueous medium. The latter
interaction may be a result of a strong augmentation of the
attractive electrostatic terms and solvent polarization. The
charges on the other ring carbons do not alter under the above
intramolecular interaction. Among the parameters of II, the
S11-H12 bond order shows a significant decrease, and the
C7-S11 bond order increases appreciably as a result of the IHB
formation. These tendencies occur in both media.

We have also considered the changes of charge distributions
and Wiberg bond orders in III with respect to II from NBO
analysis at the B3LYP/6-311++G(d,p) level both in the gaseous

phase and in aqueous medium (Figure 4). As for both said
media, we may verify that the charge distribution of III shows
(compared to that of II) a strong polarization of the bonds
involved in the hydrogen-bonded five-membered ring.

We note that, in the gaseous medium, there is a considerable
electron density decrease on the hydrogen atom H12 and a large
increase on the sulfur one. Significant changes in electron
density is also observed on C4, C6, C7, and C10 atoms. The
charges on the other ring carbons are not influenced greatly by
the above proton-transfer interaction. The S11-C7 bond order
shows a marked augmentation and gains a double character to
some extent as a result of the tautomerization. The C7-C8 and
N1-C2 bond orders display a considerable diminution.

In the aqueous medium, one can see the increase of charge
separation between the nitrogen and sulfur atoms compared to
that of the gaseous phase. Namely, the enlargement of the
negative charge on S11 and positive charge on N1 takes place.
This effect corresponds to the well-known trend of the influ-
ence of polar solvents upon charge distribution in molecules.
The partially double character of the S11-C7 bond decreases
on passing to the aqueous solution. Also, the charges on C5,
C7, and C12 atoms, as well as on the C7-C8, C8-C9, and
C9-C10 bond orders undergo rather considerable alterations
on going from gas to polar solvent. Thus, the aqueous medium
leads, besides the S11 and N1 atomic charge alterations, to the
more significant changes of electron-density distribution just
in the aromatic, not heteroaromatic, ring in comparison with
that of isolated molecular systems.

TABLE 5: Rotation and Intramolecular Proton-transfer Barriers (kcal/mol) Including Zero-point Corrections

process and transition state B3LYP/6-31G(d,p) B3LYP/6-311++G(d,p) B3LYP/6-31+G(2d,2p)

TS1: I f II 4.132 4.083 4.108
TS1: II f I 6.203 5.941 5.904

TS2: II f III 9.405 10.257 9.802
TS2: III f II 0.596 0.841 0.685

process and transition state MPW1K/6-311++G(d,p) MPW1K/6-31+G(2d,2p) BH&HLYP/6-311++G(d,p)

TS1: I f II 3.683 3.742 3.384
TS1: II f I 5.901 5.804 5.205

TS2: II f III 10.585 10.192 14.072
TS2: III f II 0.101 0.055 1.839

TABLE 6: Mulliken Charges on Sulfur, Nitrogen and Labile Hydrogen

I II III

method N1 H12 S11 N1 H12 S11 N1 H12 S11

B3LYP/6-31G(d,p) -0.505 0.037 0.062 -0.545 0.106 -0.011 -0.523 0.275 -0.366
B3LYP/6-311++G(d,p) 0.203 0.102 -0.464 0.107 0.162 -0.612 0.426 0.237 -1.146
PCM: B3LYP/6-311++G(d,p) 0.104 0.152 -0.525 0.045 0.181 -0.641 0.299 0.323 -1.232
B3LYP/6-31+G(2d,2p) 0.038 0.077 -0.461 -0.001 0.137 -0.519 0.374 0.191 -0.910
MPW1K/6-311++G(d,p) 0.288 0.138 -0.586 0.184 0.195 -0.777 0.537 0.278 -1.368
Onsager: MPW1K/6-311++G(d,p) 0.285 0.134 -0.614 0.180 0.196 -0.816 0.461 0.300 -1.518
MPW1K/6-31+G(2d,2p) -0.030 0.075 -0.442 -0.062 0.134 -0.479 0.297 0.206 -0.916
BH&HLYP/6-311++G(d,p) 0.182 0.100 -0.430 0.078 0.157 -0.593 0.359 0.251 -1.168

TABLE 7: Dipole Moments (D) for Different Forms of
8-Mercaptoquinoline

method I II III expa

B3LYP/6-31G(d,p) 2.759 3.081 7.540
B3LYP/6-311++G(d,p) 2.729 3.017 7.561
B3LYP/6-31+G(2d,2p) 2.681 2.954 7.492
MPW1K/6-311++G(d,p) 2.822 3.186 8.001 2.89
MPW1K/6-31+G(2d,2p) 2.772 3.114 8.006
BH&HLYP/6-311++G(d,p) 2.896 3.195 8.415
Onsager: MPW1K/6-311++G(d,p) 3.665 4.299 12.515
PCM: B3LYP/6-311++G(d,p) 4.070 4.509 11.329

a Measured by the second Debye method in benzene solution
at 25°.40

Figure 2. Dipole derivative unit vectorµb direction for the structure II
(B3LYP/6-311++G(d,p)).

TABLE 8: Second-order Perturbation Energies E(2)
(kcal/mol)

NBO energy

donor acceptor II III

LPN1 BD*(C5-C6) 9.56
LPN1 BD*(C2-C3) 9.37
BD*(C5-C6) BD*(C7-C8) 223.45a

BD*(C5-C6) BD*(C9-C10) 218.68
LPS11 BD*(C7-C8) 19.08 7.87
LPS11 BD*(C6-C7) 6.47
LPS11 BD*(N1-H12) 15.01

a Only in solution (SCRF PCM).
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2. Water-assisted Tautomerization.2.1. Structures and
Energies of Tautomers.As an alternative way for proton trans-
fer in 8-MQ, let us consider the double-proton transfer in
hydrogen-bonded complex of 8-MQ with one water molecule
(8-MQ-H2O) in the gaseous phase and in solution. The
equilibrium nonplanar geometry of 8-MQ-H2O in the ground
state was obtained at different DFT levels for the forms IV and
V. Our computations of vibrational frequencies have confirmed
that the above geometry corresponds to the minima of potential
energy surface. The gaseous-phase spatial parameters for the
systems IV and V and the transition state TS3 are shown in
Table 9. In general, the bond lengths and valence angles
calculated by the different methods are close to each other. The
computations at any theory level used predict that all the
structures should be assigned to theC1 symmetry point group.
As can be seen from Table 9, the hydrogen-bonded structures
IV and V of 8-MQ-H2O differ substantially from those of
8-MQ. There are two intermolecular H-bonds, S11-H12...O19
and O19-H20...N1 in the molecule IV, and O19-H12...S11 and
O19...H20-N1 in V. In these systems IV and V, the H2O
molecule serves as a bridge between the ring nitrogen atom (or
NH group) and the SH group (or S-). This is clearly indicative
of the cooperative character of the two hydrogen bonds in IV
and V. The above effect is commonly associated with donor-
acceptor interactions, in which a molecule can participate
concertedly as a donor and an acceptor.43 On the hydrogen bond
formation, the S11-H12 bond in IV and N1-H20 in V shorten.

The S11-O19 and O19-N1 distances are 3.686 Å and 2.888
Å (IV), and 3.212 Å and 2.887 Å (V), respectively (MPW1K/
6-311++G(d,p)), which are longer than the S11-N1 dis-
tance in 8-MQ equal to 2.985 Å (II) and 2.867 Å (III). The
H12-O19 and N1-H20 distances in IV are 2.512 Å and 1.930
Å, respectively, and the N1-H12 distance in II is 2.156 Å.
Because the S11-O19 and H12-O19 distances in IV are
significantly greater than S11-N1 and N1-H12 in II, the proton
transfer in the complex could be predicted to be hampered in
comparison with the individual 8-MQ molecule. However, this
question will be discussed below on the basis of the calculated
barrier heights. After the 8-MQ-H2O complex formation, the
proton-transfer reaction may involve H2O as a bridge. It is easily
seen from the complex 8-MQ-H2O structure in Figures 5 and
6 that the H12 proton attached initially to S11 then transfers to
O19, and simultaneously, the second proton H20 moves from
O19 to N1. To clear up a question whether any high-energy
intermediate exists along the reaction path, we have computed
the intrinsic reaction coordinate for double-proton transfer at
the B3LYP/6-311++G(d,p) level starting from the transition
state TS3. The results are shown in Figure 7. There is no
intermediate along the intrinsic reaction coordinate, and the
reaction proceeds smoothly from reactant to product. It is safe
to say in this connection that two protons in the gaseous phase
transfer concertedly and synchronously. In the transition state
TS3, both protons of the water molecule are disposed closely
to the oxygen atom.

Figure 3. Changes in natural charges (circled, in atomic units) and Wiberg bond orders in II with respect to I from NBO analysis at the B3LYP/
6-311++G(d,p) level in the gaseous phase (A) and in aqueous solution (B) using the PCM method.

Figure 4. Changes in natural charges (circled, in atomic units) and Wiberg bond orders in III with respect to II from NBO analysis at the B3LYP/
6-311++G(d,p) level in the gaseous phase (A) and in aqueous solution (B) using the PCM method.
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This problem will be further discussed below on the basis
of the energetic parameters of prototropic tautomerism of
8-MQ-H2O (Figure 8). The complexation energies (EHB),
tautomerization energies (∆ET), and barrier heights (∆E#) in
the gaseous phase for different theory levels are listed in Table
10. Imaginary frequencies for TS3 were also computed. The
calculated EHB values depend not only upon the electron
correlation, but also on the BSSE, which is also presented in
Table 10. The potential barriers of the 8-MQ tautomerization
(II f III) are 10.185 kcal/mol (MPW1K/6-311++G(d,p)) and
10.257 kcal/mol (B3LYP/6-311++G(d,p)) in the gaseous
phase. The corresponding values for one-water complex
(IV f V) are close to them and consist of 11.262 kcal/mol
(MPW1K/6-311++G(d,p)) and 10.658 kcal/mol (B3LYP/
6-311++G(d,p)). The reverse-proton transfer in the complex
has a barrier of 4.945 kcal/mol (MPW1K/6-311++G(d,p)) and
5.044 kcal/mol (B3LYP/6-311++G(d,p)) in contrast to the
single 8-MQ molecule for which the reverse-proton transfer
proceeds essentially without barrier. Consequently, the com-

plexation of 8-MQ with water prevents the transformation of
the 8-MQ zwitterionic form into the SH-tautomer. This serves
as a prerequisite for predominant existence of 8-MQ in the form
of zwitterions that is realized in aqueous solution.7

The tautomerization IIf III energy is 10.250 kcal/mol
(MPW1K/6-311++G(d,p)) and 9.198 kcal/mol (B3LYP/
6-311++G(d,p)), and this quantity decreases down to 6.318
and 5.613 kcal/mol at the same theory levels by introducing
one water molecule to get 8-MQ-H2O (IV f V transfer). This
is obviously due to the crucial dependence of the tautomerization
energy upon the relative stability of the tautomers II and III,
which changes under the involvement of the water molecule.

It is impossible to estimate the strength of each of the above-
mentioned intermolecular hydrogen bonds, but only a global
strength can be obtained that coincides with the reported
complexation energy (Table 12).

The geometry parameters of IV, V, and TS3 were optimized
for the solutions in different solvents at the MPW1K/
6-311++G(d,p) level using the SCRF Onsager method. The
geometries in the media withε ) 2.247 (benzene) andε )
78.39 (water) are shown in Table 11. For aqueous solution, the
N1-H20 distance in IV is 0.021 Å shorter than the correspond-
ing value in the gaseous phase, while the O19-H12 distance is
0.020 Å longer. The partial charges on the S11, N1, and O19
atoms in IV at the MPW1K/6-311++G(d,p) level, according
to the Mulliken population analysis, are-0.723, 0.137, and
-0.565 in the gaseous phase, and-0.753, 0.142, and-0.591
in the medium withε ) 78.39, respectively. Weak hydrogen
bonds are mainly electrostatic in nature; the higher negative
charge on S11 in the solution makes the attractive electrostatic
interactions with the H atom of the extra water molecule stronger
than in the gaseous phase, and the distance N1-H20 becomes
smaller (Table 11), while the greater positive charge on N1
makes the repulsive interactions in the solution greater than in
the gaseous phase and the O19-H12 distance larger. The
changes in partial charges on atoms and H-bond lengths

TABLE 9: Selected Optimized Geometries for Tautomers and Transition State of Tautomerization of the 8-MQ Complex with
One Water Molecule in the Gaseous Phase at Different Theory Levelsa

IV V TS3

A B A B A B

Bond Lengths (Å)
N1-H20 1.953 1.930 1.032 1.025 1.303 1.311
N1-C6 1.363 1.350 1.363 1.350 1.370 1.358
C6-C7 1.433 1.422 1.441 1.427 1.443 1.431
S11-C7 1.776 1.755 1.728 1.711 1.761 1.742
S11-H12 1.347 1.337 2.319 2.308 1.651 1.658
S11-N1 3.107 3.056 3.074 3.012 3.227 3.184
O19-H12 2.485 2.512 0.983 0.970 1.205 1.164
O19-H20 0.975 0.963 1.900 1.0.901 1.179 1.146

Bond Angles (deg)
∠(C7-S11-H12) 97.519 97.285 114.389 115.387 102.258 102.764
∠(C6-N1-H20) 138.720 138.760 117.408 116.636 123.401 123.845
∠(C6-C7-S11) 123.302 122.709 123.353 122.570 126.986 126.716
∠(S11-H12-O19) 150.806 144.787 150.627 150.027 165.798 165.475
∠(C6-N1-C2) 119.125 119.161 124.991 124.879 122.003 121.865
∠(C7-C6-N1) 120.128 119.776 119.611 118.886 121.458 121.187
∠(N1-H20-O19) 169.441 168.140 158.733 155.814 172.965 172.887
∠(H12-O19-H20) 50.732 49.076 73.541 71.839 86.219 86.380
∠(H20-O19-H21) 105.495 105.587 126.275 128.835 108.122 111.514

Dihedral Angles (deg)
∠(C5-C6-C7-S11) -179.439 -179.758 -179.535 -179.541 -176.886 -177.637
∠(C6-C7-S11-H12) 13.496 17.317 7.077 7.321 -6.414 -3.695
∠(C3-C2-N1-H20) 170.979 170.125 179.682 179.411 175.945 177.083
∠(S11-H12-O19-H20) 86.568 84.175 11.417 13.610 4.302 7.614
∠(N1-H20-O19-H12) 102.955 109.033 153.965 155.120 15.264 15.982

a A: B3LYP/6-311++G(d,p); B: MPW1K/6-311++G(d,p).

Figure 5. Schematic representation of the complex 8-mercaptoquino-
line-H2O tautomerization.
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depending upon the medium correlate well with each other. The
results obtained show that the IV form of the 8-MQ-H2O
complex becomes less favorable in aqueous medium compared
to that of the gaseous phase (Table 12).

In the aqueous medium, the S11-H12 distance in V is 0.081
Å smaller, while the O19-H20 length is 0.081 Å larger
compared to that of the gaseous phase. The partial Mulliken

charges calculated at the MPW1K/6-311++G(d,p) level are
0.531,-1.424, and-0.462 for N1, S1, and O19 in the gaseous
phase, respectively, and 0.477,-1.514, and-0.429, respec-
tively, for the same atoms in the medium withε ) 78.39. The
higher electron density on S in V makes the hydrogen bond
stronger and shorter in passing from the gaseous phase to an
aqueous medium. For the structure TS3, the H-bonds with
participation of the water oxygen as a hydrogen-bond acceptor
become longer with the increasing dielectric constant. The
distances O19-H12 and N1-H20 are increased by 0.042 and
0.013 Å, respectively, while the ones S11-H12 and O19-H20
are reduced by 0.046 and 0.008 Å, respectively, in the medium
with ε ) 78.39 compared to that of the gaseous phase. These
changes in the H-bond lengths result in the separation of the
partial charges of TS3 to increase the dipole moment. The
structure TS3 in polar solvent has more polar character than
that in the gaseous phase.

The values of the complexation energy (EHB), tautomerization
energy (∆ET), and barrier heights (∆E#) have been calculated
at the MPW1K/6-311++G(d,p) level using the SCRF Onsager
method (Table 12). The complexation energy in the gaseous
phase consists of 5.395 kcal/mol and diminishes with the
increase in dielectric constant, being equal to 1.670 kcal/mol
in water (at the valueε ) 78.39). The BSSE corrections de-
pend on the solvent effect. The tautomerization IVf V energy
is 6.318 kcal/mol in the gaseous phase and decreases to
2.484 kcal/mol atε ) 78.39. The tautomerization energy
calculated as a difference of total energies of the solutes (SCRF
E-field) shows that the V form is more preferable in the aque-
ous medium. The barrier heights for the double-proton transfer
are presented in Table 12. The barrier has a value of 11.262
kcal/mol in the gaseous phase and diminishes in polar medium
(ε ) 78.39) by 2.206 kcal/mol. The reverse proton-transfer
barrier is equal to 4.945 kcal/mol in the gaseous phase and
increases up to 6.572 kcal/mol in going to the aqueous solution.
In general, the results obtained suggest that the water-assisted
tautomerization IVf V is facilitated to some extent in polar
medium, and the V tautomer is more stable in aqueous solutions
compared with IV, which is in agreement with the experimental
data.7

2.2. NBO Analysis.The nature of the intermolecular hydrogen
bonds has been analyzed within the framework of the NBO
procedure. The results of the NBO analysis of the second-order
perturbation energies corresponding to the hydrogen binding
or van der Waals interaction are variously interpreted.43 The
most significant results are concerned with the changes on
complexation. The NBO results from Table 13 allow us to make
the following comments. In the structure IV, there are two
different intermolecular hydrogen binding interactions;, one of

Figure 6. Some interatomic distances (Å) of tautomers IV and V and
transition state TS3 at the MPW1K/6-311++G(d,p) level for the
gaseous phase and aqueous solution (in parentheses).

Figure 7. Intrinsic reaction coordinate for 8-mercaptoquinoline water-
assisted tautomerization IVf V calculated for the gaseous phase at
the B3LYP/6-311++G(d,p) level. The vertical axis is for the total
energies in Hartree/particle and the horizontal axis is for reaction
coordinate in the units of Bohr.

Figure 8. Schematic diagram for the energetics of double-proton
transfer in water-assisted tautomerization IVf V of 8-mercaptoquino-
line.
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these is considerably stronger than another. The Fock matrix
analysis for IV using the second-order perturbation theory shows
that the interaction of the lone pair of O19 and the S11-H12
antibonding orbital leads to stabilization energy of 1.27
kcal/mol, while the interaction of the lone pair of N1 and the
O19-H20 antibonding orbital stabilized the system by 10.30
kcal/mol. In this complex IV,σ*O19-H20 andσ*S11-H12 antibonds
participate as acceptors, with the lone pairs of oxygen and
nitrogen as donors in the intermolecular charge transfer. The
nN and nO occupation numbers diminish with respect to the
isolated molecules. As a result, theσ*O19-H20 antibond occupa-
tion number increases by 0.02275 e, and this change is
accompanied by a contraction of the O19-H20 bond. The
change inσ*S11-H12 is just the reverse, i.e., its occupation
number decreases by 0.01448 e, and the elongation of the
S11-H12 distance occurs on complexation. The corresponding
NBO second-order perturbation energies for IV in aqueous
solution (SCRF Onsager model) are 1.11 and 11.87 kcal/mol

(the case IVa in Table 13). The structure V has two characteristic
intermolecular bonds S‚‚‚O-H and O‚‚‚N-H. As seen from
Table 13, the stabilization energy caused by the interaction
between the lone pair of S11 and the antibonding orbital of
O12-H19 is 11.67 kcal/mol, whereas the lone pair of O19
interacts with the antibond N1-H20 to yield 12.06 kcal/mol.
The contributions from the latter two quantities to Va consists
of 16.00 and 10.71 kcal/mol, respectively. Therefore, the
tautomer V is more stable in aqueous solution compared to that
of the gaseous phase. In the structure V in the gaseous phase,
on complexation with a water molecule, theσ*O19-H12 antibond
occupancy increases from 0.00001 to 0.03974 e, and this bond
contracts. The occupation number of the sulfur lone pair orbital
decreases by the comparable value. It is notable that, despite
the strong intermolecular interactionnO f σ*N1-H20 and the
reduction ofnO occupation number on complexation compared
to that of the isolated molecule III, the value of theσ*N1-H20

occupation number diminishes with respect to the isolated
molecule in both the gaseous phase and aqueous solution. The
energy ofnO f σ*N1-H20 interaction is 1.35 kcal/mol lower in
aqueous medium than in the gaseous phase; therefore, the
σ*N1-H20 antibond occupation number increases appreciably, but
the bond N1-H20 length remains unchanged.

It is probable that an isolated zwitterionic thiolate (like V)
should have an extremely strong intramolecular H-bond reso-
nance of the S...H-N type. This would correspond to a great
NRT contribution of resonance forms of the S-H...N- or
S...H+...N type to a severenS f σ*N1-H20 delocalization. The
zwitterionic character (particularly, diffuse, of p-type, radial to
a considerable extent, lone pair of the sulfur atom) enhances
such intramolecular delocalization in theσ-system. When the
H2O molecule becomes involved in the interaction, the two
intermolecular H-bonds (S...H-O and O...H-N) are evidently
sufficient to disrupt one intramolecular S...H-N bond. But on
the reverse exchange, in the interaction withσ*N1-H20 orbital,
the neutral O atom from water is a weaker Lewis base than the
anionic S- center, so the occupancy ofσ*N1-H20 is somewhat
reduced in the complex, as it is observed.

The results of NBO analysis indicate that the interactions in
the structure V are stronger than those in structure IV. The last
assumption is confirmed by the larger stability of tautomer V
compared with that of IV (Table 12 and ref 7).

Conclusion

First of all, we have studied the IHB formation, conforma-
tional equilibrium, rotational barriers, single-proton transfer in
the tautomerization reaction, and charge distribution in 8-MQ
in the gaseous phase and in solution using different DFT
methods. The most strict calculation of the IHB energy was
achieved using the MPW1K/6-311++G(d,p) theory level. Our
computations have shown also that the allowance for diffuse
functions is quite necessary for full characterization of the
hydrogen-bond interaction. Two SCRF models were used for
the account of solvent effects. It has been demonstrated that

TABLE 10: Complexation Energies (EHB), Tautomerization Energies (∆ET), Barrier Heights (∆E#), and Imaginary Frequencies
for Water-assisted Tautomerization of 8-Mercaptoquinoline in the Gaseous Phasea

∆E#

method EHB BSSE ∆ET IV f V V f IV ν# (cm-1)

G96LYP/6-311++G(d,p) -1.659 3.969 7.332 3.363 -1202.89
B3LYP/6-311++G(d,p) -4.638 (-4.248)b 0.391 5.613 10.658 5.044 -1327.22
MPW1K/6-311++G(d,p) -5.395 (-4.945) 0.452 6.318 11.262 4.945 -1264.33
BH&HLYP/6-311++G(d,p) -5.100 (-4.739) 0.363 7.993 15.699 7.706 -1401.30

a Energies in kcal/mol including ZPE corrections.b The BSSEs are involved.

TABLE 11: Geometry Parameters for Monohydrated
8-Mercaptoquinoline at the MPW1K/6-311++G(d,p) Level
in Solventsa

ε ) 2.247b ∆c ε ) 78.39 ∆c

Geometry Parameters for IV
N1-C6 1.351 0.001 1.352 0.002
C6-C7 1.422 0.000 1.421 -0.001
S11-C7 1.756 0.001 1.759 0.004
N1-H20 1.919 -0.011 1.909 -0.021
S11-H12 1.337 0.000 1.337 0.00
O19-H12 2.505 -0.006 2.537 0.020
O19-H20 0.965 0.002 0.967 0.004
∠(S11-H12-O19) 144.964 0.177 142.778 -2.009
∠(N1-H20-O19) 170.797 2.657 172.619 4.479
∠(H20-O19-H12) 49.278 0.202 48.684 -0.612

Geometry Parameters for TS3
N1-C6 1.359 0.001 1.359 0.001
C6-C7 1.431 0.000 1.430 -0.001
S11-C7 1.747 0.005 1.754 0.012
N1-H20 1.318 0.007 1.324 0.013
S11-H12 1.642 -0.017 1.613 -0.046
O19-H12 1.179 0.015 1.206 0.042
O19-H20 1.141 -0.005 1.138 -0.008
∠(S11-H12-O19) 165.942 0.467 166.511 -1.036
∠(N1-H20-O19) 172.858 -0.029 172.687 -0.200
∠(H20-O19-H12) 86.301 -0.079 85.991 -0.389

Geometry Parameters for V
N1-C6 1.352 0.002 1.355 -0.005
C6-C7 1.427 0.000 1.425 -0.002
S11-C7 1.717 0.006 1.730 -0.019
N1-H20 1.024 -0.001 1.021 -0.004
S11-H12 2.286 -0.022 2.227 -0.081
O19-H12 0.971 0.001 0.973 0.003
O19-H20 1.911 0.011 1.981 0.081
∠(S11-H12-O19) 152.205 2.718 157.337 7.310
∠(N1-H20-O19) 157.694 1.880 154.980 -0.160
∠(H20-O19-H12) 71.599 -0.240 69.222 -2.617

a Atoms are assigned the same numbers as in Figure 5. Lengths are
in Å, angles are in degrees.b Dielectric constant.c Deviations from
gaseous-phase geometries.
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the form III is more stable in polar solutions compared to that
of II. The forward proton transfer from II to III occurs with a
barrier of about 10.5 kcal/mol and the reverse-proton transfer
almost without any barrier at all. The probability of IIf III
tautomerization in the gaseous phase is low. However, the barrier
height and tautomerization (IIf III) energy decrease in aqueous
solution by 2.741 and 7.033 kcal/mol, respectively.

The aforementioned reaction is thermodynamically more
preferable in polar medium compared to that of the gaseous
phase. As for the kinetic aspect, a polar solvent makes the barrier
of II f III transfer somewhat lower, the barrier of the reverse
process substantially higher. Consequently, their natural expla-
nation get the displacement of 8-MQ tautomeric equilibrium in
aqueous medium toward a zwitterionic form, as well as the
improvement of kinetic conditions for the zwitterization process
in aqueous solution compared with that of the solutions in
nonpolar solvents.7

Therefore, among all the energetic criteria (Table 4), only
those intrinsic for the SCRF approach (total energy of the
polarized solute for the PCM and total energy of solute within
the Onsager model) reproduce the known values from the
experiments’7 thermodynamic preference of the tautomer III in
aqueous solution compared with that of II.

The double-proton transfer in water-assisted tautomeriza-
tion of 8-MQ-H2O occurs concertedly and synchronously both
in the gaseous phase and in solution. All the results indi-
cate that the tautomers IV and V exist in the form of the
hydrogen-binding clusters. The TS3 structure in polar solvent
has more polar character than in the gaseous phase. The
symmetry of the transition state does not change with solvent.

An extra single water molecule in the structure reduces the
barrier height for the process IVf V by 2.206 kcal/mol and
the tautomerization energy for the double-proton transfer by
3.834 kcal/mol in solution compared to that of the gaseous
phase. We have shown that the IVf V reaction is preferable
kinetically and thermodynamically in a polar solution. In general,
the water-assisted tautomerization is kinetically less favorable
but thermodynamically more favorable in comparison with the
single-proton transfer. The values of∆ET and∆E#

IVfV decrease
with a dielectric constant growth, and therefore, the water-
assisted tautomerization becomes more favorable in polar
solvent.

Like for the separate 8-MQ tautomerization, the thermody-
namics of the water-assisted process is described more ad-
equately by means of the Onsager total energy of solute than
using a sum of electronic and zero-point energies.

The BSSEs ofEHB depend to some extent on the dielectric
constant and theory level. NBO analysis has been performed
to explore the nature of the bonds in the complexes. It has been
revealed that the strongest intermolecular interaction involving
charge transfer from S11 to the antibondσ*O19-H12 takes place
in aqueous solution. As a consequence, the occupation number
of the just-mentioned antibond is relatively high, and concomi-
tantly, a contraction of O19-H12 bond is observed.

As we have found earlier (unpublished data), in the case of
8-hydroxyquinoline, the series of stability of all the forms in
gaseous phase remains the same in solution. We can suggest in
this respect that, despite the important role of the solvent
electrostatic effects, the intrinsic stability of those species
overcomes the solvent effects. On the contrary, the results of

TABLE 12: Complexation Energies (EHB), Tautomerization Energies (∆ET), Barrier Heights (∆E#), and Imaginary Frequencies
for Water-assisted Tautomerization in the Gaseous Phase and in Solutions at the MPW1K/6-311++(d,p) Level within the
Onsager SCRF Methoda

∆E#

solvent εb EHB BSSE ∆ET ∆ET-SCRF
d IV f V V f IV ν# (cm-1)

gaseous phase 1 -5.395 (-4.945)c 0.450 6.318 11.262 4.945 -1264.33
benzene 2.247 -2.461 (-1.717) 0.744 5.122 3.614 10.445 5.324 -1293.35
dichloroethane 10.36 -1.914 (-0.918) 0.996 3.348 -4.257 9.518 6.170 -1330.76
ethanol 24.55 -1.763 (-0.588) 1.175 2.812 -6.101 9.228 6.416 -1339.63
nitromethane 38.2 -1.680 (-0.412) 1.268 2.604 -6.807 9.101 6.497 -1341.35
water 78.39 -1.670 (-0.382) 1.288 2.484 -7.735 9.056 6.572 -1343.51

a Energies in kcal/mol including ZPE corrections. Complexation energies are given for the structure IV.b Dielectric constant.c Numbers in
parentheses represent the BSSE-correctedEHB values.d Tautomerization energies as differences of total energies of solute (SCRFE-field).

TABLE 13: NBO Analysis (MPW1K/6-311++G(d,p)) of Complexes IV-V: Occupation Numbers of the σ*
X-H Antibonds, nN,

nO and nS Lone Pairs (the same parameters for the isolated compounds are given in parentheses; the values in square brackets
are Wiberg bond orders for complex and isolated molecules, respectively); the Nature of Donor OrbitalsOi, Acceptor Orbitals
Oj, and the Second-order Perturbation Energies∆Eij

(2) in kcal/mol

nN nO nS σ*
O19-H20 σ*

S11-H12 σ*
O19-H12 σ*

N1-H20 φi f φj ∆Eij
(2)

IV 1.90510 1.99076 0.02275 0.01448 LP(N1)f BD*(O19- H20) 10.30
[0.735] [0.948]

(1.90892) (1.99678) (0.00001) (0.020) LP(O19)f BD*(S11- H12) 1.27
[0.793] [0.937]

IV a 1.90306 1.99143 0.02633 0.01432 LP(N1)f BD*(O19- H20) 11.87
[0.723] [0.951]

(1.90764) (1.99700) (0.00000) (0.02217) LP(O19)f BD*(S11- H12) 1.11
[0.782] [0.933]

V 1.97081 1.98327 0.03974 0.06496 LP(S11)f BD*(O19- H12) 11.67
[0.697] [0.662]

(1.99678) (1.98562) (0.00001) (0.10018) LP(O19)f BD*(N1- H20) 12.06
[0.793] [0.6368]

Va 1.97309 1.98329 0.05000 0.05373 LP(S11)f BD*(O19- H12) 16.00
[0.688] [0.685]

(1.99700) (1.98729) (0.00000) (0.06689) LP(O19)f BD*(N1- H20) 10.71
[0.782] [0.684]

a The complex was calculated in aqueous solution using the SCRF Onsager model.
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the present work show that for 8-MQ the effects of polar solvent
exert the decisive influence on the relative stability of different
tautomers.
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