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A combined Monte Carlo and quantum mechanical study was carried out to analyze the tautomeric equilibrium
of 2-mercaptopyrimidine in the gas phase and in aqueous solution. Second- and fourth-order Rlediset
perturbation theory calculations indicate that in the gas phase thiol (Pym-SH) is more stable than the thione
(Pym-NH) by ca. 8 kcal/mol. In agueous solution, thermodynamic perturbation theory implemented on a
Monte CarloNpT simulation indicates that both the differential enthalpy and Gibbs free energy favor the
thione form. The calculated differential enthalpy A$sy—nn(solv) = —1.7 kcal/mol and the differential

Gibbs free energy iAGsy-nn(solv) = —1.9 kcal/mol. Analysis is made of the contribution of the sotute
solvent hydrogen bonds and it is noted that the SH group in the thiol and NH group in the thione tautomers
act exclusively as a hydrogen bond donor in aqueous solution. The proton transfer reaction between the
tautomeric forms was also investigated in the gas phase and in aqueous solution. Two distinct mechanisms
were considered: a direct intramolecular transfer and a water-assisted mechanism. In the gas phase, the
intramolecular transfer leads to a large energy barrier of 34.4 kcal/mol, passing through a three-center transition
state. The proton transfer with the assistance of one water molecule decreases the energy barrier to 17.2
kcal/mol. In solution, these calculated activation barriers are, respectively, 32.0 and 14.8 kcal/mol. The solvent
effect is found to be sizable but it is considerably more important as a participant in the water-assisted
mechanism than the solvent field of the soluselvent interaction. Finally, the calculated total Gibbs free
energy is used to estimate the equilibrium constant.

I. Introduction SCHEME 1

Tautomerism is an essential ingredient in several chemical AN XN
and biochemical processes. Understanding tautomeric reactions | )\ (\
is very important in biological mechanisms and this is a strong N/ s _— N/KS
motivation for theoretical studies. In particular, the role played | |
by the solvent is known to be crucial. Among all possible H H
solvents, water is the natural biological solvent and is involved Pym-SH Pym-NH

in all processes related to life. Investigations of tautomeric

reactions in an aqueous environment is a great theoretical
challenge and this is the subject of this work. We address a
systematic investigation of the relative stability and the reaction

mechanisms of 2-mercaptopyrimidine in aqueous solution using
a combination of quantum mechanics and computer simulation
of liquids.

Mercaptopyrimidines are thio derivatives of pyrimidine and
play an important role in several important biological processes,
as for example, antiviral, antibacterial, antitumor and anti-
thyroidal activitiest This heterocyclic compound is usually
involved in tautomeric equilibrium of the type thiol/thione (Pym-

replications may be correlated with the tautomerism of purine
and pyrimidine bases, causing a wrong pairing of the DNA
baseg. 2-Mercaptopyrimidine also exhibits a rich coordination
chemistry3 possessing the ability to coordinate to a single or
several transition metal centers in different ways. As a result
of the tautomerism of this compound, the coordination ability
and also the biological activities of the resulting coordination
compounds will be influencetl.

Most of our current understanding of the tautomerism
involving heterocyclic compounds has been based on detailed

SH/Pym-NH), as shown in Scheme 1, and pyrimidine/pyrimi- studies involving pyridines and pyrimidines substituted with SH
done, when sulfur is replaced by oxygen, which has important ©" OH groups at the 2 or 4 positiohThese studies have shown

biological consequences. For example, the mutation during DNA that the predomingnt form present in equilibrium i; 'afg?'y
dependent on environmental effects. Thus, X-ray diffraction
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or nonpolar solvents, the thiol form predominatéd. NMR TABLE 1: Intermolecular Parameters Used in the Monte
studie§ in a number of solvents of different polarities and Earlllo S'ImU%t'Of]Sgl in Elementary Charge Unit, € in
hydrogen bonding character also revealed that 2-mercaptopy-<¢@/mol, and  in A)

rimidine exists predominantly in the thione form as hydrogen- q
bonded monomers or dimers. On the other hand, gas phase IR jnteraction site o € Pym-SH Pym-NH
investigations in an argon matPixof 2-mercaptopyrimidine N1 3.250 0.170 0743 0365
showed that the thiol form predominates in the gas phase. This c2 3.750 0.110 0.547 0.255
is corroborated by mass spectrométrand photoelectron c3 3.750 0.110 —0.499 —0.492
spectroscopy studies in the gas phase of both 2- and 4-mer- Ca 3.750 0.110 0.484 0.629
. . . . S C6 3.750 0.110 0.777 0.612
The thiol/thione and lactim/lactam tautomeric equilibrium has s 3.550 0.250 —0.299  —0.431
also attracted some theoretical interest because this is a suitable  Hg 0.000 0.000 0.009 —0.029
system to test the applicability of different computational H9 0.000 0.000 0.157 0.164
methods and solvation theories. Thus, the tautomeric equilibrium H10 0.000 0.000 0.005 0.101
involving pyridines and pyrimidines substituted with SH or OH W;tler 0.000 0.000 0.197 0.237
groups at the 2 position has been studied theoretfelyith 0 315061 0.15210 —0.834
varying degrees of sophistication, ranging from semiempiie&ag H 0.000 0.000 0.417

density-functional (DFT) method3¢"and ab initio Hartree

Fock (HF), second-order MglleiPlesset perturbation (MP2)  the factors governing the preferential solvation of the species,
and configuration interaction (Cl) calculatioh¥*:"9The effect and hydrogen bond analysis of the solvated tautomers are
of the solvent on the tautomeric equilibrium has been investi- analyzed. The proton transfer reaction was investigated by
gated by means of reaction field theof®8 and statistical ~ assuming two distinct mechanisms: a direct intramolecular
mechanical simulation€° The theoretical studies are, in general, proton transfer mechanism and a solvent-assisted mechanism.
in line with the experimental findings and have also revealed The Gibbs free energy calculations and the inclusion of solvent
that the tautomeric equilibrium is drastically affected by basis effects along the reaction coordinates are made by means of
set and electron correlation effeé#. thermodynamic perturbation theot.

Despite the extensive results on the isolated species, the free
energy of solvation, relative stability and the mechanism by Il. Theoretical Details
which the proton is transferred from one tautomer to another
in 2-mercaptopyrimidine (Scheme 1) is still unclear. Kinetic
experiments on the tautomeric equilibrium involving the 2-hy-
droxypyridiné? have shown that in aprotic media, the tautomeric

lntercfonversur)]n t_akes plta(.:e ttr?roughtl an m@etrn:jolecular protoln tion functions in all atom&’ Aiming at obtaining better energetic
ranster mechanism, within the seli-associated monomers. N ¢ 115 for the isolated species, single point calculations at the

contrast, in agueous §q|ution the kjnetic experimental d_ata MP4 level of theory with single, double, triple and quadruple
exclude the self-association mechanism and a solvent-assste@ubstitutions MP4(SDTQ) wer’e perfor’med on the optimized

mechanism is proposed, in which one or more Water.m0|eCUIeSMP2/6-3]:F+G(d,p) structures, with the same basis set. To study
act as a bifunctional cat,al)ii.Followmg these experimental o gifferential solvation of the Pym-NH and Pym-SH forms
studies, Lleds and Bertfa, = employing the_sgmlemplrlcal_ of 2-mercaptopyrimidine in water, we have carried out MC
CNDO/2 method, showed that the tautomeric interconversion statistical mechanical simulation, in the isobatisothermal

of 2-hydroxypyridine, with the assistance of one water molecule (NpT) ensemble aff = 298 K andp = 1 atm. Standard

ILeatdSttr? a ptr.ot(?n tra:(nsfe; reacgobn \g'tho?t an 3n|_e|rl%barrler. procedured?including the Metropolis sampling techniddand
ater theoretical work periormed by scanian and FIeTon periodic boundary conditions combined with the image method

this same system, in the gas phas_e, at the HF/3T21G I(_evel,in a cubic box were used. The intermolecular interactions were
showed that in the mechanism involving a self-associated dimer y.¢ rineq by the Lennard-Jones (LJ) plus Coulomb potential
the barrier is reduced by ca. 35 kcal/mol, compared to the direct, i 110 parameters for each atdnfe;, oi and g) and a

intramolecular mechanism. combination ofej = (ei)¥? and gjj = (0i0))Y2 The sets of
From the previous experimental and theoretical studies it can jntermolecular parameters used in the simulations are shown
be inferred that, opposite to the gas phase, the thione form isin Taple 1. For water, the TIP3Ppotential is used. For the
more stable in water than the thiol form. But this still needs tautomeric species’ all atoms are described by the OPLS
not only a theoretical or experimental corroboration but also parameter with the charges calculated using the ChelpG fitting
an estimate of the relative energy between the two tautomericproceduréz at the MP2/6-3++G(d,p) level of theory. The
forms in the gas phase and in aqueous solution. As to theintermolecular interactions have been truncated at a cutoff
possible thiol Pym-SH— thione Pym-NH interconversion distance of 10.8 A, and the long-range corrections to the LJ
mechanism, two possibilities need detailed investigations. Onenteractions have been included using the pair radial distribution
is the natural candidate of a direct mechanism of proton transfer. function proceduré8 In every simulation the Pym-NH and Pym-
The other is the conversion with the water assisted mechanismsH forms of 2-mercaptopyrimidine were held rigid. The
with the participation of one water molecule. These are the major simulation consisted of 1 solute molecule (Pym-NH or Pym-
interest of this work. SH) plus 343 water molecules. One MC step is concluded after
In this work a combination of Monte Carlo (MC) simulations selecting one molecule randomly and trying to translate it in
and quantum mechanical calculations was carried out to performall directions and also trying to rotate it around a randomly
a thorough analysis of the tautomeric equilibrium of 2-mercap- chosen axis. The maximum displacement of the molecules has
topyrimidine in the gas phase and in aqueous solution. The been self-adjusted to give an acceptance ratio around 50%.
stability of the species in the gas phase and in aqueous solutionAttempts to change the volume were made every 1000 MC

Full geometry optimization and vibration frequency calcula-
tions in the gas phase were performed at the MP2 level of theory,
within the frozen core approach, employing the split-valence
6-31++G(d,p)® basis set, which includes diffuse and polariza-
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H9

Pym-SH Pym-NH

Figure 1. Optimized MP2/6-31+G(d,p) structure for the thiol (Pym-
SH) and thione (Pym-NH) forms of 2-mercaptopyrimidine, showing
the atomic labels.

steps. After the equilibration phase, the simulations consisted
of 3.4 x 10" MC steps, corresponding to 3®C steps per
molecule.

To investigate the proton transfer reaction in solution, we
have used the following two-step approach. First, the reaction
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TABLE 2: Optimized MP2/6-31++G(d,p) Structural
Parameters of the Thiol and Thione Tautomers of

2-Mercaptopyrimidine 2

bond bond
length angles
A Pym-SH Pym-NH (deg) Pym-SH  Pym-NH
N1-C2 1344 1357  N1-C2-C3 1225 1188
[1.354(3)]
C2—-C3 1.393 1.369 C2-C3-C4 116.6 116.1
[1.352(4)]
C3-C4 1.394 1.421 C3C4—N5 1225 125.1
C4—N5 1.343 1.319 C4N5—-C6 115.7 1194
N5—C6 1.346 1.388 N5C6—N1 127.0 115.8
C6—S 1.764 1.649 N1-C6—S 1184 120.2
[1.692(2)] [120.6(2)]
S—H11 1.333 C6-S—H11 93.8
N1-H11 1.014 C6—N1—-H11 114.9
[1.041(2)] [121.0(10)]

aValues in brackets were taken from the X-ray diffraction experi-
ments on dimers of 2-mercaptopyridifie.

TABLE 3: Computed Energies and Dipole Moment of the
Isolated Thiol and Thione Tautomers of
2-Mercaptopyrimidine in the Gas Phasé

path for the proposed mechanisms is obtained in the gas phaseEZ

by employing the combined relaxed path algorithm developed
by Ayala and Schlegeé®f This procedure locates the transition
state and reaction path connecting two structures, combining
geometry optimization techniques, the quadratic synchronous
transit guided approaéhand the GonzalezSchlegel algorithm

for the reaction path following After obtaining the gas phase
reaction path, the free energy profile in solution is obtained by

perturbing one structure into the nearest structure along the gas

phase reaction path by using thermodynamic perturbation
theory® The free energy difference in solution between

structures andj, AGi—j(solv), is then calculated according to

Pym-SH Pym-NH
Ewt(MP2) —661.1981035 —661.1861833
0.076256 0.079143
0.083259 0.086035
0.045947 0.048259
u 3.08 6.87
Eot(MP4(SDTQ)//MP2) —661.2838344 —661.2728511
AEsp-nn(MP2) 7.5
AEZE 1 (MP2) 9.3
AHsi-nn(MP2) 9.2
AGsst-nH(MP2) 8.9
AEsp-nn(MP4(SDTQ)/MP2) 6.9
AEZE L (MP4(SDTQ)/IMP2) 8.7
AHs-nn(MP4(SDTQ)/IMP2) 8.6
AGs-nn(MP4(SDTQ)//MP2) 8.3

the equation

AG;_(solv) = —kgT Inlexp[—(H; — H;)/ks T][J

a All calculations were performed with the 6-3%G(d,p) basis set.
bValues ofE?E, H and G are given in au and dipole moment)(in
units of Debye. Energy differences are given in kcal/mol.

whereH; is the conformational enthalpy and the averaging is o calculated €S bond length of 1.649 A computed for the
for sampling based on structuirén solution. Further details of Pym-NH tautomer correlates well with the experimental value
the free energy perturbation are given in the next section ¢, the hydrogen-bonded dimer of 1.692 A for 2-mercaptopy-
discussing the free energy of solvation and the tautomeric j4ine The corresponding value for 2-thiouragils 1.669 A.
interconversion in solution. All ab initio calculations reported 1o N—H bond distance of 1.014 A computed for the Pym-
here have been carried out using the program Gaussidf 98, NH tautomer is also slightly decreased compared to the

and the Monte Carlo simulations have been performed with the experimental value of 1.041 A for the 2-mercaptopyridine dimer,

DICE progrant’ as expected. The computed bond angles are also in line with
lll. Results and Discussions the experimental values, . .

) The absolute and relative energies:sy-nn, for the gas

A. Isolated Species in the Gas Phas&éhe MP2/6-3%+G- phase process Pym-SH Pym-NH are shown in Table 3. As
(d,p) optimized structures for the thiol (Pym-SH) and thione can be seen, in the gas phase the thiol form is more stable than
(Pym-NH) forms of 2-mercaptopyrimidine are shown in Figure the thione form in all levels of theory studied. At the MP2 level
1, and the structural parameters are quoted in Table 2.of theory, the thiol species is 7.5 kcal/mol more stable than the
Unfortunately, the experimental geometries of the tautomers arethione tautomer; i.e., the tautomeric equilibrium is shifted to
not known. However, the experimental structure of the solid the thiol form. Inclusion of zero point vibrational energy (ZPE)
state 2-mercaptopyridine, which exists as a hydrogen-bondedincreases the\Esy—-nn by 1.8 kcal/mol, still in favor of the
dimer of the thione form, is known from X-ray and neutron thiol Pym-SH form. Table 3 also gives the valuesAdfisy—-nn
diffraction experimentsand is also shown in Table 2. As can andAGsu-nn. These indicate a small contribution of the entropy
be seen, the optimized parameters of the Pym-NH form of in the gas phase, as expected. To ascertain the accuracy of the
2-mercaptopyrimidine are not much different from the experi- MP2 results, MP4(SDTQ)//MP2 values are also reported. The
mental geometry of 2-mercaptopyridine. As the experimental MP4 value ofAGsy—-ny = 8.3 kcal/mol will be taken as our
results for the &S and N-H bond distance are for the reference value in the gas phase. These results, showing that
hydrogen-bonded dimers, it is to be expected that these arethe thiol form (Pym-SH) is favored over the thione form (Pym-
slightly larger than for the isolated Pym-NH tautomer. Indeed, NH) in the gas phase, are in agreement with experinfenits.

1)
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Overall, the present theoretical results indicate that in the gasTABLE 4: Average Energy (kcal/mol) of the Hydrogen
phase the thiol form is favored by ca. 8 kcal/mol. EF]O”SV |nterf§/|Cti|0”S|b9tVOVger! thg _TWﬁ TgUtOfmefiC Species and
B. Species in Aqueous Solutionl. Differential Hydration ~ the Water Molecules Obtained in the Configurations
. . . . Generated by the Monte Carlo Simulations
Enthalpy.We now consider the differential hydration between

the thiol and thione forms without consideration of the possible ___atomic site Pym-SH Pym-NH
mechanisms involved in the interconversion. This is obtained N5 —3.26+0.90 —3.844+1.38
by calculating the enthalpy of hydration of both Pym-SH and ﬁl 3604 0,75 —3.27+1.04

Pym-NH. We calculate the difference in enthalpy using H11 5524116 3764 124

AH solv)= AE solv) — pAV. solv) (2
st ) st )= PAVst-nn( ) @ magnitude, being-3.84 kcal/mol for N5 (HB acceptor) and

where —3.76 kcal/mol for N1 (HB donor). It is interesting to note that
the atoms covalently bound to the H11 (S in thiol and N1 in
AEg, (SOlv) = AE)S(a—»NH(SOIV)_’_ Ang,_,NH(solv) (3) thione) lose their ability to form hydrogen bonds as proton

acceptor, with the SH and NH groups acting only as proton
with XS denoting the solutesolvent and SS denoting the donor. Table 4 summarizes these results and shows that the
solvent-solvent interactioR? hydrogen bonds formed between the thione form and the water
MC simulations were carried out on aqueous solutions of the molecules are stronger than that formed with the thiol form.
isolated species to analyze the preferential solvation of the This observation indicates that the hydrogen bond interaction
tautomers and to compute the free energy of solvation of eachbetween the solute and the solvent is consistent with the previous
species. The densities of both systems were obtained as 1.01%esult that in agqueous solution the thione form interacts more
+ 0.005 g/cd, which gives a negligible difference of the strongly with water.

thermodynamic ternpAVsy—nw(solv) in solution. Therefore, 3. Differential Free Energy of Hydratioff.o better understand
the difference of the enthalpy in solution was found as the differential solvation of the tautomeric species, the free
AHst-nH(SOIV) = AEsh-nn(solv) = —1.71 + 0.52 kcal/mol, energies of hydration of Pym-NH and Pym-SH were calculated

indicating the preferable hydration of the thione form. The using a hypothetical procé&8in which the solute is annihilated
differential enthalpy of hydration is composed of two parts (meaning that the intermolecular potential parameters of the
WhereAEéa—'NH(SOW) = —11.00 kcal/mol and&Ega—»NH(SOW) specieX are zeroed:X — 0) in the ideal gas phase, computing
= 9.29 kcal/mol. The solutesolvent interaction energiegXS, the AGx—o(gas), and in solution, computing theGx—o(solv).
computed separately for Pym-NH and Pym-SH are respectively Both variations of free energy are calculated using thermody-

—34.02 and-23.02 kcal/mol AESS . (solv) = —11.00 kcal/ namic perturbation theory as described in eq 1. For the simple

mol), which shows that in aqueous solution the thione form Case where the solute has no internal degrees of freedom, then

interacts more strongly with water. This would be expected AGx-o(gas) = 0 and the free energy of solvation can be
because the thione form has a greater dipole moment than theeXPressed as
thiol form. The difference of the solvensolvent interaction
energiesAESS computed for the water molecules around Pym- AG(solv) = — AGy_(solv) (4)
NH and Pym-SH AESS .,(solv) = 9.29 kcal/mol), shows
that the reorganization of the water molecules favors their For each tautomeric specieé§ it was necessary to have a
interaction in the presence of thiol than in the presence of thione. series of five simulations using the double-wide samplig,
This indicates that the reorganization of the solvent plays an to make the soluteX gradually disappear. As in a previous
important role in the stabilization of the two tautomeric forms study3! this process was divided into three stages, separately
in solution. scaling to zero the three parameters of the LJ and Coulomb
As a general result, we find here that the hydration enthalpy potential,q;, €; anda;. First, the Coulomb potential is vanishing
of the thione Pym-NH form is larger than the thiol Pym-SH by scaling to zero the atomic charggs,The scale factors were
form by ca. 1.7 kcal/mol. Experimentallit is indeed expected 1 = 1.0, 0.9, 0.8, 0.6, 0.4, 0.2 and 0.0. Therefore, using the
that the thione form is favored in water in contrast to the gas double-wide sampling in a simulation performed with
phase situation. (exampled; = 0.9), the atomic charges of the solute can be
2. Structural Properties and Hydrogen Bond$e result that perturbed simultaneously tg—; andi;+; (exampledi—; = 1.0
in aqueous solution thione stabilizes better than thiol can also andZi+; = 0.8). Thus, in total, three simulations were performed
be seen in the local hydrogen bond (HB) shell. In this subsection (4; = 0.9, 0.6 and 0.2) to vanish the Coulomb potential of the
we analyze the hydrogen bond sites and the correspondingsolute. After that, the attractive well of the LJ potential is made
interaction of water with thione and thiol. Hydrogen bonds are to vanish by scaling to nearly zero the atomic paramgtdre
identified using the structural and energetic critéfiave scale factors werg = 1.0, 0.5 and 0.01. In this stage because
consider here that a hydrogen bond is formed between theof the double-wide sampling, only one simulation was performed
tautomer and water when the distance from the proton donor (4; = 0.5) to remove the attractive well of the LJ potential of
(D) to the proton acceptor (A) Bo-a < 3.6 A, the angl@a—wp the solute. It is interesting to note that at this point, the
< 30° and the binding energy 1.0 kcal/mol. These geometric  interaction potential of the solute is described by soft spheres
conditions were taken from the radial and angular distributions with a repulsive behavior ofo(r).12 At the final stage of the
and the energetic criterion is taken from the pairwise energy annihilation process of the solute, this repulsive potential is
distribution, as discussed in several previous publicafiéhs. vanishing by scaling to zero the atomic paramete©Only one
Having identified the hydrogen bonds, the average interaction simulation was performed directly froin= 1.0 to 0.0. Changing
energy is obtained (see Table 4). The average energy for thethe sign of this last term of the free energy of solvation gives
hydrogen bond in the sulfur atom in Pym-NH that acts as a the cavitation free energy, because in this case only the repulsive
hydrogen bond acceptors3.27 kcal/mol. The hydrogen bonds  potential is made to vanish. Each simulation starts with the last
formed between the nitrogen atoms and water are of the sameconfiguration of the previous simulation and it consists of a
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TABLE 5: Gibbs Free Energy of Solvation (kcal/mol) for — AGgy(solv), is—10.164 1.03 kcal/mol, as reported in Table
the Two Tautomeric Species Thiol and Thione in Aqueous 5. Hence, AGsy-nH(SOlV) depends now on the choice of
Solution at 25°C and 1 atm : ; _
AGsh—nH in the gas phase (Table 3). Using the MP2/6-31G
AG;;—(solv) (d,p) value, we obtaiAGsp—np(solv) = —1.26 & 1.03 kcal/
Aing ing Pym-SH Pym-NH mol. At the higher level of MP4//MP2/6-311+G(d,p) we obtain
AGsp-nH(Solv) = —1.86+ 1.03 kcal/mol in agueous solution.
1.0 0.9 0.889 2.923 . . . .
0.9 0.8 0.772 2587 All these values are obtained directly from the differential free
0.8 0.6 1.172 3.799 energy and hence are obtained without assuming any mechanism
0.6 0.4 0.804 2.722 (or path) for the tautomerization process. These results show
0.4 0.2 0.449 1.582 that the tautomerization process of the thiol changing to thione
0.2 0.0 0.162 0.616 form is favorable in water solution, which is again in agreement
total of stage 1 4.248 14.230 with the experimental observatiohsiowever, the free energy
AG of tautomerization is dependent on the theoretical model adopted
7~ (SOIV) . . . .
. ) - - for the isolated gas phase calculations. Small variations in
Aiine Ajin e withq=0 withq =0 AGsh-nH(s0lv) may lead to large changes in the equilibrium
1.0 0.5 3.669 3.715 constant, as discussed later.
0.5 0.01 5.980 6.100 Once the variation of the enthalpy and the Gibbs free energy
total of stage 2 9.649 9.815 were computed for the tautomerization proceaA$isi-nn-
AG;,,(solV) (solv)= —1.71 kcal/mol and\Gsp—-nn(solv) = —1.86 kcal/mol,

respectively, the entropy contribution can be computed easily

withg=0and  withq=0 and using the well-known thermodynamic relation

/hina Ajina e=1% e=1%
1.0 0.0 —2.315 —2.305 —
AGgy n(SOIV) = AHg y(s0IV) — TAS;,; \y(solv) (6)
total AGx—q(s0lVv) 11.58+ 0.56 21.74+ 0.47
AG | —11.58+ 0.56  —21.74+0.47 L o
(solv) Therefore, the entropy contribution to the tautomerization
SCHEME 2 process of thiol— thione in aqueous solution BASsy-NH-
AGggrnnt (solv) = 0.15 kcal/mol. Equivalent to the gas phase process,
Pym-SH — 3 PymNH this contribution is seen to be very small and does not play a
major role in the tautomerization.
The detailed calculations of the relative Gibbs free ener
AGgy(solv,) AGyy(solv,) gy

of hydration indicates that the thione Pym-NH form is preferable
over the thiol Pym-SHUsing the MP4 results for the gas phase

Pym-SH + 5ol > PymNH-+ soly process, we suggest a value of ca. 9.0 kcal/mol. This is

AGggy s npis0lv,) not very different from the calculated difference in the enthalpy
of hydration, i.e., 1.# 0.5 kcal/mol.
reequilibration phase of 3.4 10° MC steps, followed by an C. Tautomeric Interconversion Mechanism.In the pre-
average stage of 3.4 10’ MC steps in theNpT ensemble. vious sections we have considered the differential stabilization
The results of the free energy of hydration are summarized of the thione Pym-NH and thiol Pym-SH forms both in gas
in Table 5. The total value obtained to th€&sy(solv) is—11.58 and in agueous environments without any consideration of the
+ 0.56 kcal/mol andAGyp(solv) is —21.74+ 0.47 kcal/mol. possible mechanism for the tautomeric interconversion. This

These results show that in aqueous solution the thione form interconversion is considered now and particular attention is
solvates more than the thiol form, which is in due agreement given to the energy barrier between the two tautomeric forms.
with theH NMR experimental observatiodt can be seenin ~ Two distinct mechanisms for the tautomeric interconversion
Table 5 that the major difference (around 10 kcal/mol) between reaction were investigated: a diresttramolecular proton

the free energy of solvation of the thione and thiol in water transfer mechanism andsalvent-assisteanechanism.

comes from the Coulombic part (stage 1) of the potential, 1. Interconersion in the Gas PhasaVe first consider the
reflecting the large difference in the dipole moments of the two tautomeric interconversion in the gas phase. Figures 2 and 3
forms. As also shown in Table 5, the cavitation free energy of show the optimized structures obtained for each mechanism in

the tautomeric form is nearly the same, i.€2.32 and—2.31 the gas phase, employing the combined relaxed path méthod.
kcal/mol, reflecting the small change in the geometry of the A summary of the results obtained for the intramolecular and
two forms. solvent-assisted mechanisms is shown in Table 6 and Figure 4.

4. Free Energy of TautomerizatioAdditional information The intramolecular mechanism (Figure 2) proceeds through a
that can be obtained is the difference of the free energy of the three center transition stateb, with an imaginary frequency
tautomerization process in solutiohGsy—-nn(SOIV). Using the  of 1465i cnt?, computed at the MP2/6-3HG(d,p). The
free energies of solvation of the two tautomeric specieSg- nuclear displacement associated with this normal mode displays
(solv) andAGnw(solv)) and the difference of their free energies a concerted mechanism in which the-I8 bond is breaking
in the gas phaseAGsn-nw), One can make a thermodynamic  and the N-H bond is forming. This mechanism leads to a high

cycle, as shown in the Scheme 2 and eq 5. energy barrier of 34.4 kcal/mol, relative to the Pym-SH form.
In the water-assisted mechanism, the incoming water molecule
AGg\y(solv) = initially forms a hydrogen-bonded complex with the thiol form
AGg .\ T AGy,4(solv) — AGg,(solv) (5) 3a, shown in Figure 3, with the water molecule acting as a

hydrogen bond acceptor, relative to the SH group and a
All quantities involved in eq 5 were calculated in the previous hydrogen bond donor, relative to the nitrogen atom. Further
sections. The differential free energy of hydratidtGnn(solv) interaction leads to the transition st&b, with an imaginary
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Figure 2. Selected structures obtained along the reaction coordinate
for the intramolecular mechanism: (a) thiol form (Pym-SH); (b)
transition state (TS); (c) thione form (Pym-NH). Distances are in

angstroms and angles in degrees.

frequency of 1443i cmt, in which a concerted motion of the
hydrogen of the SH group and the hydrogen of water takes place.
The thione form3c, is then generated as a hydrogen-bonded
complex, in which the water molecule now behaves as a
hydrogen bond donor, relative to the sulfur atom, and a hydrogen
bond acceptor, relative to the NH group. Clearly, the water-
assisted mechanism has a smaller potential barrier than the
intramolecular mechanism. This water-assisted mechanism has
an activation energy of 17.2 kcal/mol, computed at the MP2/ (©)
6-31++G(d,p), which is half of the value obtained in the Figure 3. Selected hydrogen-bonded structures obtained along the
intramolecular mechanism. As shown in Figure 4, the relative reaction coordinate for the solvent-assisted mechanism: (a) thiol form
energy of the tautomer&\Esynn, in the absence of the water  (Pym-SH); (b) transition state (TS); (c) thione form (Pym-NH).
molecule, is computed as 7.5 kcal/mol (intramolecular mech- Distances are in angstroms and angles in degrees.
anism). In the presence of one water molecule, this relative
energy reduces to 2.95 kcal/mol (solvent-assisted mechanism)
which represents a considerable reduction of 60% of the
AEsp-nn in the gas phase. S
2. Interconsersion in SolutionWe now consider the tauto- AG;_(solv) = AGZ(solv) + AE;_(gas) (7)
meric interconversion in water. The solvent effects along the
reaction pathway for the intramolecular and solvent-assisted WhereAGin-(soIv) is the difference between the spediesd
mechanisms were analyzed in aqueous solution using thej of the solute-solvent term of the free energy in solution
thermodynamic perturbation theol§Each structure obtained  obtained with eq 1 and\Ei—j(gas) is the difference in the
in the reaction path of Table 6 and Figure 5 for each mechanism,intramolecular energies from the ab initio calculations in the
is perturbed in the subsequent structure along the reaction pathgas phase.
according to eq 1. The LJ parameters of the species are not For each reaction mechanism, eight simulations using the
changed during the perturbation, but the atomic charges of eachdouble-wide sampling were necess&§to perturb the seven-
structure along the reaction path are recomputed using theteen points considered in the reaction coordinate. Each simula-
ChelpG fitting proceduré? This allows for the update of the tion consists of a reequilibration phase of %x8.0” MC steps,
electrostatic interaction between the solute and the waterfollowed by an average stage of 3:4 10’ MC steps at the
molecules in the reaction path, but it does not update the NpT ensemble. The results of the solatolvent term of the
polarization effect of the solvent in this process. To obtain the free energy in solution are summarized in Table 7, and Figure

total free energy difference in solution for the process j,
'AGsp-nH(SOIV) is written as
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TABLE 6: Relative Energy, AEi—j(gas), Obtained with = 1 T T T T
MP2/6-31++G(d,p) for the Pym-SH — Pym-NH Process 8 ol —O— Intramolecular ]
Following the Reaction Coordinate in the Gas Phase with = —®— Solvent-Assisted
the Relaxed Path Algorithm, for the Intramolecular (Figure g 17
2) and the Solvent-Assisted (Figure 3) Mechanisms g Ll
solvent-assisted intramolecular E 3l
mechanism mechanism \%
P, ) AE, (gas) ) AE; (gas) o3 4
1 (Pym-SH) —2.33438 0.00 —2.35982 0.00 Dﬁ N
2 —2.00019 0.49 —2.06563 1.47 g 6r
3 —1.66700 1.78 —1.77073 4.09 ' ; ; ; '
4 —1.33380 415 —1.14757 8.01 S B o Ingamolecular  .---. 1
5 —1.00027 771 —1.18042 13.35 & . | —e—Solvent-Assisted 5
6 ~0.66681 12.00 —0.88499 20.02 = TG ]
7 —0.33341 15.71 —0.58990 26.99 2 o5t g
8 0.00000 (TS) 17.21 —0.29496 32.35 R
9 0.21560 16.55 0.00000 (TS) 34.40 =T )
10 0.43138 14.72 0.24881 32.90 2 15F 4
11 0.64710 12.14 0.49499 28.95 \% 10
12 0.86290 9.44 0.74327 23.92 = )
13 1.07866 7.09 0.99091 19.04 3 st 4
14 1.29441 5.29 1.23858 14.81 d” ol
15 1.51005 4.05 1.48617 11.43 N . L L L
16 1.72579 3.30 1.73367 8.99 2 -1 0 1 2
17 (Pym-NH)  1.94182 2.95 1.97978 7.51 S in (a.m.u)"2.Bohr
aThe reaction coordinates is presented in (amifj bohr. Figure 5. (Top) solute-solvent relative free energy profile and
(bottom) total relative free energy profile for the Pym-SHPym-NH
35 —o Intramolecular ‘ ‘ ] process following the reaction coordinate with the relaxed path
3 —e— Solvent-Assisted ) algorithm, for the intramolecular and the solvent-assisted mechanisms.
g 30+ E
= sl ] TABLE 7: Solute—Solvent Gibbs Free Energy Difference
g / (kcal/mol) for the Tautomeric Interconversion (Thiol —
o 20t . Thione) in Water a 25 °C and 1 atm
= 15+ e solvent-assisted intramolecular
§9 ol \ mechanism mechanism
S P, P, AGE p(solv)  AGESp(solv)
g St 1 (Pym-SH) 2 0.197 0.263
L§ 0f 2 3 —0.107 0.314
; ! : ; 3 4 —0.129 0.110
2 ! % ! 2 4 5 ~0.290 ~0.116
S in (a.m.u) ".Bohr 5 6 —0.470 —0.204
Figure 4. Relative energy in the gas phase obtained with MP2/6- © I —0.736 —0.564
31++G(d,p) for the Pym-SH~ Pym-NH process following the reaction 7 8 —0.854 —0.962
coordinate with the relaxed path algorithm, for the intramolecular and 8 9 —0.355 —1.269
the solvent-assisted mechanisms (see Table 6). 10 ﬂ :8 ‘2122 :égl)gg
11 12 —0.074 —0.686
5 shows the profile along the reaction coordinate. As can be 12 12 606214 _8-‘1"‘7%
seen in Figure 5 (top), the intramolecular and solvent-assisted 15 0.070 0213
mechgnism exhibit similar profilgs. In.both mechanisms, the 7g 16 0.049 —0.180
transition state$ = 0) and the thione-like structure$ ¢ 0) 16 17 (Pym-NH)  0.032 —0.190
are more solvate_d than the FhIOHIke structurss_<( 0). T_he AGsp-1s(s0IV) 2394043  —2.43+0.29
solvation effects in the transition state are equivalent in both AGgy_y4(solv) —327+085 —6.49+ 0.58

mechanisms, which reduce the transition barrier in approxi-
mately 2.4 kcal/mol. At this point the solvent stabilizes more
the thione form in the intramolecular mechanisa6(49+ 0.58
kcal/mol) than in the solvent-assisted mechanist®.27+ 0.85 But the solvent effect is very important as a participant in the
kcal/mol). The profile of the total free energy difference in  water-assisted mechanism, considerably decreasing the activa-
solution for the tautomerization process is obtained using eq 7 tion barrier. Table 8 summarizes the results for the energetics
and is presented in Figure 5 (bottom). As can be seen, the resultsnvolved in the thiol— thione conversion, considered here.
clearly indicate that the activation barrier for the water-assisted D. Analysis of the Tautomerization Constant. The equi-
mechanism is considerably smaller than for the intramolecular |ibrium constant (in our case, tautomerization constm},in
process. Although the solvent-assisted mechanism involves asolution can be evaluated using the expression

considerably smaller barrier for interconversion, compared to

Pi’'s represent each point present on the gas phase reaction path (see
Figure 5) starting from the thiol form and ending at the thione form.

the direct intramolecular mechanism, it should be noted that AG(solv)= —RTIn(K;) (8)
the barrier is still a pronounced value of 14.8 kcal/mol. This
situation differs from early semiempirical studi&son hy- As discussed before, there are uncertainties associated with the

droxypyridine that found no barrier. Overall, for each mecha- AG(solv) value arising not only from the statistical uncertainties
nism adopted, the influence of the solvent field is relatively involved in the MC simulations but also mostly in the reference
small with increased values close to the final thione product. energy used for the gas phase results. Applying the expression
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TABLE 8: Summary of the Calculated Relative Gibbs Free the intramolecular mechanism. The solvation effect decreases
fEnerg|hes at?d A_cnvat|o/r) Ba;rllers (kcanTc‘iO') As é)btamed the energy barrier on the transition state by 2.4 kcal/mol, both
rom the ab Initio MP4//MP2/6-31++G(d,p) and Monte the direct and solvent-assisted paths. The effect of the solvent
Carlo Simulations ) . - : .

field along the reaction coordinate is relatively small but the

gas solution activation barrier in the water-assisted mechanism is consider-
AHsp-nn 8.6 —1.71+£0.52 ably smaller compared to the intramolecular mechanism. All
AGsp--nH 8.3 —1.86+1.03 theoretical results analyzed here suggest the thione as more

stable in water, as indeed inferred experimentally. Finally, the

Transition State (Activation Barrier . : ;
( ) calculated total Gibbs free energy is used to estimate the

gas solution equilibrium constant.
IM WA IM WA Summarizing, this work presents the first systematic inves-
AGs1s 34.4 17.2 32.0 14.8 tigation of the tautomeric equilibrium of 2-mercaptopyridine

that includes the statistical and quantum mechanical aspects.
We find that thiol is more stable in the gas phase but the thione

form is more stable in agueous solution. Large activation barriers
Jare obtained for the interconversion of one form to the other,
and the solvent effect is considerably more important as a
participant in the water-assisted mechanism than the solvent field
of the solute-solvent interaction. For the interconversion, we
find that the solvent-assisted mechanism has an energy barrier
that is essentially half of that calculated for the direct intramo-
lecular proton transfer.

a|M stands for intramolecular and WA for the water-assisted
mechanisms.

(8) to our calculated values using the gas phase MP4 and MP
reference results, we obtaGsy--nH(Solv) = —1.86 and—1.26
kcal/mol, respectively, in aqueous solution, without assuming
any mechanism for the tautomerization process. Using these
values, we obtain the equilibrium constant as 23 and 8,
respectively. This yields an interval 0f4.0% of the thiol form
present in the aqueous solution. The equilibrium constant for
the process Pym-SH-> Pym-NH in aqueous solution, is
apparently not available experimentally. But for the analogous
compound 2-oxopyridine, the tautomerization constant in ethanol
is predicted to be larger than 1%. Our results for the
tautomerization constant in aqueous solution for the 2-mercap-
topyrimidine suggest a value between 8 and 23. However, as
can be seen, the equilibrium constant is very sensitive to the
value of AGsp—nn(solv), which, in turn, depends on the (1) (a) Robins, P. KJ. Med. Chem1964 7, 186. (b) Carbon, J. A

; Hung, L.; Jones, D. Sroc. Natl Acad. Scil965 53, 979. (c) Carbon, J.
theoretical model employed for the gas phase result. A.: David, H.: Studier, M. HSciencel968 161 1146. (d) Yu, M. Y. W..

Sedlak, J.; Lindsay, R. HArch. Biochem. Biophysl973 155 111. (e)
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