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Density functional theory (BLYP, B3LYP, B3P86, B3PW91) with the 6+&(d,p), 6-311%+G(d,p), and cc-
pVTZ basis sets has been used to calculate structural parameters, relative energies, and vibrational spectra of
2-pyrimidinethiol (1) and 2(H)-pyrimidinethione 2) and their hydrogen-bonded homodime®s 8, Con [4]*,

Ca 5), monohydrates, and dihydrates and a heterodiferSgveral transition state structures proposed for
the tautomerization process have also been examined. At the B3PW9H&81,p)//B3PW91/6-31 G-
(d,p) level of theory 2-pyrimidinethioll] is predicted to be 3.41 kcal/mol more stablg.j than 2(H)-
pyrimidinethione ) in the gas phase artlis predicted to be 6.47 kcal/mol more stable tlaim aqueous
medium. An unfavorable planar intramolecular strained four center transition B&itefér the tautomerization

of 1 and 2 in the gas-phase lies 29.07 kcal/mol higher in energy than 2-pyrimidinethjolThe C;
2-pyrimidinethiol dimer 8) is 6.84 kcal/mol lower in energy than ti& homodimer transition state structure
([11)%) that connects dimer8 and 4. Transition state J1]* provides a facile pathway for tautomerization
betweenl and 2 in the gas phase (monomedimer promoted tautomerization). The hydrogen bonded
2-pyrimidinethiol- - -HO and 2-pyrimidinethiol- - -2K0 structures are predicted to be 1.27 and 1.55 kcal/
mol, respectively, higher in energy than Bijtpyrimidinethione- - -HO and 2(H)-pyrimidinethione- - -2HO.
Water promoted tautomerization via cyclic transition states involving one water mol@&ile {H.0, [12]%)

and two water moleculesT6- - -2H,0, [13]%) lie 11.42 and 11.44 kcal/mol, respectively, higher in energy
than 2-pyrimidinethiol- - -HO and 2-pyrimidinethiol- - -20. Thus, the hydrated transition statég]f and
[13]* are involved in the tautomerism betwegrand 2 in aqueous medium.

Introduction

Tautomerism (eq 1), dimer formation, hydrated structures,
and hydrogen bonds in heterocycles play significant roles in
medicine}2 biochemistry, and chemical syste#$.Pyrimidi-
nethiols and their derivatives have been used in surface chem-
istry and coordination chemistry because of the binding capabil-
ity of nitrogen and sulfur to metafs® Owing to their applica-
tions in many fields, 2-pyrimidinethiol (2-mercaptopyrimidine,

1) and its tautomer 2@)-pyrimidinethione (2-pyrimidinethione,
2) have been widely studi€d!® Both 1 and2 can also exist as

homodimersC: 3, Figure 2;Ca [4]*, C 5) and as heterodimers I — = HB-N1-C2.57 = 0°
(e.g.,6) in the gas phase, in solution, and in metal complexes.
Transition statd’ S1 has been implicated in the tautomerization 1 2

Figure 1. B3PW91/6-3%#G(d,p) optimized geometries for 2-pyrim-
idinethiol (1) and 2(H)-pyrimidinethiol Q).

4 2,10 MNDO, HF/3-21G(d)!? MBPT(2)/6-31G(d)\2 and UB-

3 4 3
— — =N . .
N 2 7 N s 5 >2 é ) PW91/6-38-G(d,p)].° This report presents the results of density
5 \ /> S\H‘_ \ > =2 T P\ functional theory (BLYP, B3P86, B3LYP, B3PW91) calcula-
N A N---H 6 T\H
8

betweenl and2 in the gas phase (eq 1).

tions with the 6-3%+G(d,p), 6-31%G(d,p), and cc-pVTZ basis
sets of the vibrational spectra, structural parameters, and relative
1 TS1 2 energies of 2-pyrimidinethiollj and 2-pyrimidinethione?) and
their homodimers3, [4]*, and5), heterodimer), monohydrates
Experimental studies of the vibrational spectra of pyrimidi- (7, 8) and dihydratesd, 10). Solvent effects and transition states

nethiols have been reporté#,!® but there does not appear to involved in the mechanism of tautomerism betweeand 2
be any computational or spectroscopic studies on their respectiveare also included. To increase the confidence of these results,
hydrogen bonded dimers and hydrates, or on the possiblewhen possible, the relationships between available experimental
transition states involved in their tautomeric interconversion. data, our computational studies, and the computational predic-
There are only a few computational studiesleamd2 [CNDO/ tions of others are compared.
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Figure 2. B3PW91/6-3%#G(d,p) optimized structure, including side-
view, for the C; 2-pyrimidinethiol dimer8). Dihedral angles= 7 =
N1-C2—-N1'-C2 =16.6°, 1 = C2—-S7-C2—-S7 =16.9, 7 = N1—
C2-S7-H8 = 7 = N1'-C2—-S7—-H8 = 3.7.

Figure 5. Two views of the B3PW91/6-31G(d,p) optimized structure
of the 2-pyrimidinethiol- - -2(H)-pyrimidinethiol heterodimer ).
Dihedral angles= © = N1-C2—-S7-H8 = 15.9, 1 = H8—N1'—
C2—-S7 =4.7,71=N1-C2-N1'-C2 = 125.8, andt = C2—S7—
C2-S7 = 120.7.

basis sets. The 6-3#15(d,p) basis set is of triplé-quality for
valence electrort& and basis sets with diffuse functions are
useful for calculations of anions and structures with lone
pairs1’°cThe Dunnings correlation consistent triffésasis set

is cc-pVTZ DFT provides electron correlation which acts to
reduce overall charge separafi$hand is useful in conforma-
F,igurf; 3-thB?éPV\£91/6_'3%‘Q(‘t’HP)I%P“mizte‘j St_:,UCturte-t EISILSLngdSi?e- tional studied? BLYP is a pure functiond?23 while
view, 1or theC, Z-pyrimidinetniol dimer transition stal . Dineadral 20,21,24-26 27 26,28,29 ;
angles= 1t = N AL NI OZ = 7 G2 S7-CD 8T = 7= N1 B3LYP, B3P86;" and B3PWO1 are hybrid
C2-S7-H8 = r = N1'-C2—-S7-H8 = 0°. functionals. o .

The geometries were optimized using BLYP, B3LYP, B3P86,

and B3PW91 with the 6-3tG(d,p) basis set. No constraints
were imposed on the structures in the equilibrium geometry
calculations and in the transition state structure optimizations.
Vibrational frequency analyses were carried out on the optimized
structures in order to assess the nature of the stationary points
and to obtain zero point vibrational energies (ZPVE). The
characteristics of local minima and transition states were verified
by establishing that the matrices of the energy second derivatives
(Hessians) have either zero (number of imaginary frequencies
NIMAG = 0) or one negative eigenvalue (NIMAG 1),
respectively.

The single point energy calculations were carried out on the

A ~ SO geometry optimized structures. The relative enekgy)(is the
(9=® difference in calculated energy without ZPVE or other correc-

Figure 4. B3PW91/6-3%-G(d,p) optimized structure, including side-  t10nS- TheH(O)eei is the difference in enthalpyt & K (H(0)rel =

view, for the Cn 2(1H)-pyrimidinethiol 6). Dihedral angles= T = Eel + ZPVE correction), which is also the difference in free
N1-C2—-N1'—-C2 = C2-S7-C2-S7 = H-N1-C2-S7 = H'— energy [5(0).] at that temperaturdd(298)¢ andG(298)¢ are
N1'-C2-S7 = 0°. the enthalpy and free energy differences corrected to 298 K.
Theoretical Methods The BLYP, B3LYP, B3P86, and B3PW91 frequencie_s were
scaled by 0.9940, 0.9613, 0.9914, and 0.9573, respectively. The
The calculations were carried out with the Spartan ‘04 zero point vibrational energies (ZPVE) for BLYP and B3LYP
Macintosh!® Spartan ‘02 Unix® and Gaussian G%°compu- were scaled by 1.0119 and 0.9804, respectively, in the calcula-
tational programs. Geometry optimizations of all structures were tions of the relative thermodynamic parametgps0.31
carried out with the DFT models and the 643&(d,p) basis Aqueous solvation energies were obtained using the SM5.4/A

set and single point energy calculations on the optimized procedure of Cramer and Truhidrand the self-consistent
structures were obtained with the 6-31G(d,p) and cc-pVTZ reaction field (SCRF) Tomasi polarized continuum model
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Figure 6. B3PW91/6-3%G(d,p) partial atomic charges for pyrimidine, 2-pyrimidinethid), (and 2(H)-pyrimidinethiol ¢): MKS, CHelp{ },
Mulliken (), NPA .

(PCM)33 Transition states were located using the linear than that predicted for 2-pyridinethiol (1.772%$%nd the S#
synchronous transit methd8lthe synchronous transit-guided H8 bond inl is longer than that predicted for 2-pyridinethiol
guasi-Newton (STQN) QST2 or QST3 methdadland the Berny (1.332 A)3637The G=S bond length ir2 is close to that from
algorithm?72Intrinsic reaction coordinate (IRC) calculations in the X-ray and neutron diffraction ddfaand predicted values
which the imaginary mode for the transition state is followed for 2-pyridinethione (1.665 AJ®37 The N1-C2—S7-HS8

in both the forward and reverse directions were used to connectdihedral angle inl is 0° as is the H8&-N1-C2—-S7 dihedral
the transition states to their respective minirtfa. angle in2.

The van der Waals radii of 1.20, 1.55, and 1.80 A are used  The distribution of atomic charges is of interest in nonbonding
for hydrogen, nitrogen, and sulfur, respectivéy.otal energies interactions and hydrogen bonds. Several types of methods, each
are in atomic units (au) and the other energies are in kcal/mol. with many possible variations, are widely employed to assign
Throughout this paper bond angles and torsional (dihedral) atomic charge$s® The partial atomic charges of 1,3-diazaben-
angles are in deg, bond lengths are in angstroms (A), dipole zene (pyrimidine), 2-pyrimidinethioll§, and 2-pyrimidinethione
moments 4) are given in debyes (D), atomic charges are given (2) using the Mulliken population analyst&natural population

in electrons, and entropies are given in cal/ol analysis phase (NPA) of the natural bond orbital analysis
) ) (NBO),*® electrostatic potential-derived charges using the
Results and Discussion CHelpG scheme of Breneman and Wibéfgnd the electro-
It is known that computational studies of sulfur-containing Static potential-derived charges using the Mefpliman—Singh
compounds often show large basis set efféct® Our calcula-  scheme (MKSY are shown in Figure 6. It is seen that the

tions on these structures with HF and MP2 methods were not 9énerated potential derived charges for the MKS and CHelpG
as consistent as those from density functional theory (DFT). In Models are similar and that their partial atomic charges on the
this study the DFT hybrid functionals B3LYP, B3P86, and 'ngs are more influenced by the replacement of hydrogen on
B3PW91 gave similar predictions of molecular parameters and Pyrimidine with a sulfanyl group (SH) than are the Mulliken
relative energies and the results from B3P86 and B3PW91 were@nd NPA models. It is known that the Mulliken population
overall the most consistent and efficacious. The usefulness of@nalysis may fail when extended basis and diffuse functions
B3PWO1 to describe the tautomeric equilibrium of 4,6-dimethyl- are used (e.g., the partial atomic charge on C4 in pyrimidine is
2-mercaptopyrimidine in solution has been repotédind it —0.17) and that the NPA leads to exaggeratedHCbond
has also been observed that B3PW91performs much better thalipoles (Figure 6).
BLYP and B3LYP in a study of the interaction energies of van  An electrostatic interaction between the nitrogen (N1) and
der Waals and hydrogen bonded systéhB3LYP was recom-  the thiol hydrogen (H8) in 2-pyrimidinethiollf is reasonable
mended over HF and MP2 in a study of the molecular structure since the optimized N1- - -H8S7 intramolecular separation is
and vibrational IR spectra of tautomers of 2-pyridinethiol and smaller than the sum of the van der Waals radii for hydrogen
its hydroxy and seleno analogu®&stHowever, DFT was not and nitrogen (Figure Bp4°Similarly, an attractive electrostatic
recommended for computing the relative energies of thiol/thione interaction between NtH8 and sulfur in2 is reasonable since
tautomeric systems with small energy differencEg (= <3 the N1-H8- - -S7 nonbonded distance is less than the sum of
kcal/mol), but was recommended for systems with relatively the van der Waals radii for hydrogen and sulfur.
large tautomerization energiel§ = >8 kcal/mol)3643 It is difficult to obtain experimental spectra for monomérs
Although crystal structure data are not available for the planar and2 owing to the ease of tautomerization and to the sensitivity
tautomersl (Cs, 4 = 2.88 D, Eagsov= —9.24 kcal/mol) and® of 1 to redox reactions. Thus, computational chemistry is
(Cs, = 7.10 D,Egqsov= —21.11 kcal/mol), infrared and Raman  especially useful for calculating the spectra of tautomers of
spectroscopy confirmed that the 2-pyrimidinethione tautomer heterocycles. This aspect of the discussion is primarily con-
(2) dominates in the solid staté!21415The DFT models predict ~ cerned with the vibrational frequencies that can be used to
similar geometrical parameters for 2-pyrimidinethid) @nd differentiate between tautometsnd?2. This point is important
2-pyrimidinethione 2, Figure 1). The &S bond inl is shorter as the relative intensity of the bands can be used to determine
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TABLE 1: Relative Energies for 2-Pyrimidinethiol (1) and
2(1H)-pyrimidinethione (2)2°

level Erel
BLYP/6-31-+G(d,p) 2.45
BLYP/6-311:G(d,p) 2.50
BLYP/cc-pVTZ 2.90
B3P86/6-31G(d,p) 2.97
B3P86/6-31%G(d,p) 3.28
B3P86/cc-pVTZ 3.46
B3LYP/6-31-G(d,p) 3.42
B3LYP/6-311G(d,p) 3.58
B3LYP/cc-pVTZ 3.89
B3PW91/6-3%G(d,p) 3.07
B3PW91/6-31%G(d,p) 3.41
B3PW91/cc-pVTZ 3.60

26-31+G(d,p) optimized structuré.E to thiol = E(thione) —
E(thiol).

TABLE 2: Relative Energies of 2-Pyrimidinethiol (1),
2(1H)-Pyrimidinethione (2), and Transition State TSEP<¢

structure Erel H(O)rel H(298)e G(298)e

BLYP/6-311:-G(d,p)

1 0.00

2 2.50 4.44 4.35 4.29

TS1 27.55 25.70 24.85 25.18
B3LYP/6-311-G(d,p)

1 0.00

2 3.60 5.61 5.50 5.53

TS1 30.63 28.88 28.62 28.98
B3P86/6-31%+G(d,p)

1 0.00

2 3.28 5.33 5.22 5.24

TS1 28.90 27.13 26.88 27.22
B3PW91/6-31%G(d,p)

1 0.00

2 341 5.47 5.36 5.38

TS1 29.07 27.30 27.05 27.40

26-31+G(d,p) optimized structure.E to thiol = Ewione — Etniol-
¢ Eqel to thiol = Ers; — Eiol.

experimentally thé:2 concentration and, assuming a Boltzmann

J. Phys. Chem. A, Vol. 110, No. 25, 200807

TABLE 3. Relative Energies of 2-Pyrimidinethiol C, Dimer
(3), 2-Pyrimidinethiol C,, Dimer [4]%,
2(1H)-Pyrimidinethione Cy, Dimer (5), Heterodimer (6), and
C, Dimer Transition State [11]* abc

structure Erel H(O)el H(298)ei G(298)el

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

5 0.00

[4) 6.3 2.58 2.34 3.98

6 5.1¢ 2.02 2.63 2.73
B3LYP/6-311-G(d,p)

5 0.00

[41# 5.30 1.37 1.14 2.36

6 5.07 5.02 2.57 2.08
B3P86/6-313-G(d,p)

5 0.00

3 6.43 2.65 2.33 1.97

(4] 2.95 2.65 457 2.95

6 5.47 3.49 2.95 3.29

[11* 12.63 6.05 5.16 7.13

[y 6.20 3.40 2.83 5.16
B3PW91/6-31%-G(d,p)

5 0.00

3 6.27 2.42 2.14 0.98

(4] 6.2F 2.42 2.16 3.64

6 5.41 3.44 2.92 2.93

[11* 13.1F 6.43 5.55 7.22

[11* 6.84 4.10 3.41 6.24

26-31+G(d,p) optimized structuré.Ey to thione dimer= E; —
Es. ¢ Erei to thione dimer= Egi— Es. 9 Ee to thione dimer= Eg — Es.
€ Erel to thione dimer= Epy# — Es. ' Ee to thiol dimer= Ej1y¢ — Ea.

to nitrogen inl relative to the hydrogen bond to sulfur th
contributes to the greater stability @f In contrast to the gas
phase predictions, in aqueous medium, the thione tautder (
is favored by 8.80 kcal/mol over the thiol form)( Although
2-pyrimidinethiol () and 2-pyrimidinethione2) are stabilized

by electron delocalization and thioamide resonance in the gas
phase, it is reasonable to expect a differential solvent stabiliza-
tion in polar media owing in part to the larger dipole moment
of 2. Thus, 2-pyrimidinethione?) is stabilized more that in

distribution, the energy difference between the tautomers. The polar solvents owing to its dipolar structure and to thioamide

peak in the 3055 cm region is characteristic for €H
stretching in the pyrimidine ring. The 2-pyrimidinethiol tautomer
(1) has the distinctivays—y stretching frequency in the 2600
cm™! region and 2-pyrimidinethione2) shows thevn—n
stretching frequency in the 3400 ciregion. The band in the
2600 cnt! region and the band in the 3400 chregion are

resonance.
The 2-pyrimidinethiol {) D 2-pyrimidinethione 2) tautomeric
equilibrium (eq 1) is also influenced by homodimar [4]%, 5)
and heterodimer formatior6) and by the redox chemistry af
and its disulfide. The four levels of theory located @ thione
dimer 6, u = 0 D, Figure 4), which is a minimum, but only

sufficiently different and can be used to differentiate between B3P86 and B3PW91 located tk thiol dimer 3, u = 1.47 D,

the tautomeric specidsand2. The band near 2520 crh which

is strongly hydrogen bonded, is assigned to the—N8
stretching in 2-pyrimidinethione2]. The C=S stretching and
N1—H8 out-of-plane deformation are observed in the 1213%cm
region and the 1053 cnregion, respectively. However, there

Figure 2). TheC; thiol dimer 3) is a minimum (no imaginary
vibrational frequency), and th@&x, 2-pyrimidinethiol dimer (§]*,

« = 0 D, Figure 3) has one imaginary vibrational frequency
(10i cm1). All levels of theory predict theCy, thione dimer
(5) to be more stable than th@ thiol dimer @, Ee = 6.27

has been considerable discussion and conflicting reports con-kcal/mol, Table 3 and SI Table 24]ff (Ee) = 6.27 kcal/mol,

cerning the locations of the-€S and G=S stretching frequen-
cies812141550n compounds containing a=€S group adjacent
to a G-N or C—0 group, there may be interactions between

Table 4 and Sl Table 3), and the heterodim&rEq = 5.07
kcal/mol, Table 3 and Sl Tables 3 and 5) in the gas phase. The
C, thiol dimer @) is only slightly more stable than the&y, thiol

the stretching vibrations of the groups that may produce new dimer ([4]*, Ee = 0.30 kcal/mol) and has a lower symmetry

frequencies in unexpected regions of the spectfib.

and different dihedral angles (Figures 2 and 3) thgh (N1—

Itis seenin Tables 1 and 2 and in Sl Table 1 in the Supporting C2—S7—H8 = N1'—C2 —S7—H8 = 0°). The thiol C, dimer

Information (SI) that all levels of theory predict the less polar
2-pyrimidinethiol () to be more stable than 2-pyrimidinethione

(3) also has a lower symmetry and different torsional angles
than theCy, 2-pyrimidinethione dimerg). The heterodimerg

(2) in the gas phase. The cc-pVTZ basis set generally gave largerFigure 5) is slightly more stable than tl&g thiol dimer 3, Erel

values ofE. than the 6-31+G(d,p) basis set. It is also seen
that the pure functional BLYP predicted smallgg values for
1 and 2 than the hybrid density functionals. At the B3PW91/
6-311+G(d,p)//B3PW91/6-31G(d,p) level of theory the thiol
tautomer Q) is predicted to be 3.41 kcal/mol more stable than
the thione form 2). The greater strength of the hydrogen bond

= 0.86 kcal/mol, Table 3, Sl Table 4) and is significantly more
polar (« = 8.82 D) than either dime8 or dimer5. Selected
structural parameters of dimeB8s [4]*, 5, and6 are given in
Figures 2-5, respectively. It is seen that the four atoms in the
torsional angle N+C2—S7—H8 in 1, 3, 4, and5 maintain their
planarity ¢ = 0°). Similarly, in 2 and in theCyy, thione dimer
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TABLE 4: Relative Energies of for
2-Pyrimidinethiol- - -H ,O (7) and
2(1H)-Pyrimidinethione- - -H,0 (8)2°

structure Erel H(O)rel H(298)el G(298)e

BLYP/6-311+G(d,p)
7 1.62 —0.30 —0.10 —0.59
8 0.00

B3LYP/6-311G(d,p)
7 0.97 —1.04 —0.81 —1.38
8 0.00

B3P86/6-31%+G(d,p)
7 1.50 —0.42 —0.23 —0.67
8 0.00

B3PW91/6-31%+G(d,p)

7 1.27 -0.71 —0.50 —1.01
8 0.00

26-314+G(d,p) optimized structur@.E,e to 8 = E; — Eg. ©Egel tO
thiol = Ers1 — Ehiol.

TABLE 5: Relative Energies of 2-Pyrimidinethiol- - -2H,0
(9) and 2(1H)-Pyrimidinethione- - -2H,0 (10}°

structure Erel H(O)rel H(298)el G(298)e
BLYP/6-311-G(d,p)
9 3.70 1.73 1.90 1.54
10 0.00
B3LYP/6-31H-G(d,p)
9 3.20 1.17 1.42 0.98
10 0.00
B3P86/6-313G(d,p)
9 3.77 1.85 1.99 1.85
10 0.00
B3PW91/6-31%G(d,p)
9 3.54 1.55 1.71 1.34
10 0.00
26-314+G(d,p) optimized structuré.E, to 10 = Eg — Ego.

(5), the H8-N1-C2—S7 and H8-N1'-C2-S7 dihedral
angles are Q In contrast, in the heterodimér the torsional
angles N+-C2—S7—H8 and H8—N1'—C2—S7 are 14.1 and
4.0¢, respectively, which reflect twisting in the structure (Figure
5).

The predicted S#H8 vibrational frequency in th€, thiol
dimer @) is lowered to the 23832404 cn1? region, indicating
lengthening of the S#H8 bond due to the H8N1' intramo-
lecular interaction. Vibrational frequency calculations for the
Con thione dimer §) predicted neither a -SH stretching
frequency in the 2600 cm region nor a N-H stretching
frequency in the 3400 cm region. The C2-S7 bond in theC,
thiol dimer @) is 1.757 A, the S#H8 bond is 1.365 A, and
the weak nonbonded interaction distance of H8 with dfithe

Freeman and Po

1 359
.. 2.047

155?
1?58 5.4 ?61};}5;31
1.339
3 \/OJ\;E? 1.914
N nlq

156.5
125.7

T=N1-C2-57-H8 = 0.6°
1=57-C2-N1---H=0.3"
1=0C2-87-H8---0=1.1°

1=N1-C2-57-H8 =7.4°

1= C2-57-H8--0=174.9"
1=57-C2-N1--H-0 = 9.9°

7 9
Figure 7. B3PW91/6-3%G(d,p) optimized geometry for 2-pyrimidi-
nethiol- - -H0 (7) and 2-pyrimidinethiol 2HO (9).

0.987

1=H1-N1-C2-§7 = 1.4°
1=C2-57-H-0=15"
1=C2-N1-H1--0=9.8"

t=H1-N1-C2-87=2.7°
©=C2-87--H-0 = 16.1
7= C2-N1-H1--0 = 164.2°

10
Figure 8. BSPW91/6 -3%#G(d,p) optimized geometry for 2Ki)-
pyrimidinethione- - -HO (8) and 2(H)-pyrimidinethione- - -2HO (10).

of the three atoms. ThE between the monomeric thiorke
and theCyy, thione dimer §) is 17.72 kcal/mol. This larger
stabilization ofC,, dimer 6) is due to dipole-dipole interactions
between a pair of thiones because of the dipolar property of
thione2 in addition to hydrogen bonding at NH8- - -S7 and
N1'—H8'- - -S7. Unlike the symmetrical dual hydrogen bonding
in the dimers3 and5, unsymmetrical dual hydrogen bonding
is expected in the heterodimé; Figure 5). The predicted Nt

H8'- - -N1 nonbonded distance i@ is ~0.44 A shorter than
the CG=S- - -H8 distance. The large difference in the hydrogen
bonding distances ir6 may be the result of the required
unfavorable geometry in forming the dimer and to the fact that
the thiocarbonyl group is not strongly polarized since the

second pyrimidine ring is 2.084 A. The corresponding distances electronegativities of carbon and sulfur are about the same. It

C2=S7, S7- - -H8, and H8- - -NXfor the C,, thione dimer §)
are 1.685, 2.190, and 1.047 A, respectively. The-Q2—H8
angle in dimer3 is 129.3 and in5 it is 119.3 suggesting sp
hybridization character at N1 i The C2-S7—H8 bond angle
in 3 is 96.2 which is close to the 94°3angle in 2-pyrimidi-
nethiol (). In the thiol dimer3, the C2-S7—C2 —S7 torsional
angle is 16.9 and in theCyy, thione dimer §), C2—S7—H8 is
105.8 and the dihedral angle for the H atom bridged-£2—
N1-H8' is 0°, which is consistent witlC,, symmetry (Figure
4).

In the gas phase, the DFT energy differenEg) for the
dimerization of 2-pyrimidinethiol %) to the C; thiol dimer @)
is 4.62 kcal/mol which reflects in part the respective hydrogen
bonds S7#H8- - -N1' and S7—H8'- - -N1. Since electrostatic

is also seen in Figures—5 that the heterodimeg has a better
collinear arrangement of the three atoms involved in the
hydrogen bonding than dime®; [4]*, or 5. Thus, unlike the
hydrogen bonding in the 2-hydroxypyridine/2-pyridone system,
the NI—H8'- - -N1 and S#H8- - -S7 hydrogen-bonding angles
in 6 are larger than those in dim8rand in dimer5°* and in
some thymine and uracil systents.

Itis seen in Figure 7 that the SH8- - -O hydrogen-bonded
distance (2.047 A) in 2-pyrimidinethiol- - 4@ (thiol- - -H,O,
7) is longer than that in 2-pyrimidinethiol- - -2 (thiol- - -
2H,0, 9, 1.938 A) and that the ©H- - -N hydrogen bonded
distance in (thiol- - -HO, 7, 1.914 A) is longer than that in
(thiol- - -2H,0, 9, 1.821 A). A similar pattern is observed with
the hydrogen bonds in 2-pyrimidinethione- -;®1 (thione- - -

considerations dominate for most hydrogen bonds, the geometryH,0, 8) and 2-pyrimidinethione- - -2-pO (thione- - -2HO, 10,

of the hydrogen bond is not a major factor to strength. However,

Figure 8). In both cases, the hydrogen bonds in the-twater

the optimal hydrogen bond geometry has a collinear arrangementstructures are closer to linearity than the angles in the-one
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Figure 9. B3PW91/6-31%+G(d,p) optimized geometry for transition
stateTS1.
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Figure 10. B3PW91/6-3%G(d,p)//B3PW91/6-3+G(d,p) relative
energies for 2-pyrimidinethiol1) 2(1H)-pyrimidinethione ), and
transition statel'S1in the gas phase.

Py

1=N1-C2-57-H8 = 0.6°
1=87-C2-N1--0=15°
t=N1-C2-N1-C2'=236°
t=C2-87-C2-S7' = 35.1°

Figure 11. B3PW91/6-3%#G(d,p) optimized structure for the 2-py-
rimidinethiol C, dimer transition statelfl]*.

water structures. Thiol- - -0 (7) and thione- - -HO (8) are
relatively close in energyEe = 1.27 kcal/mol) while the energy
difference between thiol- - -2 (9) and thione- - -21H0 (10)

J. Phys. Chem. A, Vol. 110, No. 25, 200809
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Figure 12. B3PW91/6-31%G(d,p)//B3PW91/6-3+G(d,p) relative
energies for theC, 2-pyrimidinethiol dimer 8), Con 2(1H)-pyrimidi-
nethione dimer%), and transition statelfl]* in the gas phase.

the two water complexes are similar. BLYP and B3LYP
predicted larger energy differencdsd) betweer® and10than
B3P86 and B3PW91 (Table 5). A comparison of Figures 1, 7,
and 8 shows that there is little change in the ring geometry in
going from the respective monomer to structures with one or
two water molecules.

Considering the tautomeric equilibria described above, three
types of nondissociative proton-transfer mechanisms for the
tautomerization betweeh and 2 in the gas phase, in aprotic
medium, and in neutral aqueous solution can be envisaged: (i)
an intramolecular proton transfer from sulfur to the pyrimidine
ring nitrogen vial S1 (eq 1); (ii) solvent promoted mechanisms
involving one or more water molecules as a bifunctional
catalysis via cyclic transition states; (i) an intermolecular proton
transfer within a self-associated dimeric transition state.

Geometrical parameters for transition sta®l (eq 1,u =
5.48 D) are shown in Figure 9. Vibrational frequency calcula-
tions show no SH stretching in the 2600 cni region forTS1
indicating that the SH bond is essentially broken since it has
lengthened from 1.345 to 1.703 A. The N#8 distance (1.320
A) in TS1is shorter than the N24H8 nonbonded distance ih
(2.506 A) and is considerably longer than the-N bond in2
(1.013 A) indicating partial NH bond formation. InTS1 as
the S7-H8 distance increases from 1.345 A to 1.703 A, the H
atom moves closer (from 2.506 A to 1.320 A) toward the N1
atom of the pyrimidine ring. The C2S7 bond distance imS1
is also shorten from 1.766 to 1.718 A. These geometrical
changes involving the strained four center ring contribute to
the relatively high energy barrier of 29.1 kcal/mol betwden
andTS1 (Table 2). Although, this high energy barrier does not
rule out involvement of unfavorabl@S1 in a unimolecular
tautomerization process betwekand2 in the gas phase (Figure
10), other lower energy paths are available (vide infra). The

is 1.55 kcal/mol (Tables 4 and 5). Thus, the energy differences energy differencek.)) between 2-pyridinethiol and it intramo-
(Erel) between the thiol and thione one water complexes and lecular four center transition state is 25 to 30 kcal/s¥6¥.
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Freeman and Po

t=N1-C2-S7-H8 = 0.6°
t=87-C2-N1---0 =1.5°

¥

©=N1-C2-S7-H8 = 7.4°
t=C2-S7-H8---0=9.9°

3t

Figure 13. B3PW91/6-3%G(d,p) optimized transition state structufgs- - -H,0 [12]* and TS- - -2H,0 [13]*.

TABLE 6: Relative Energies of for
2-P)i/rirbnidinethiol- --H,0 (7) and Transition State TS- - -H,0
[12] a,

structure Erel H(O)rel H(298)el G(298)e
BLYP/6-31HG(d,p)
7 0.00
[12)* 11.38 8.97 7.96 10.35
B3LYP/6-31HG(d,p)
7 0.00
[12* 14.03 11.68 10.60 13.14
B3P86/6-31%G(d,p)
7 0.00
[12)# 10.60 8.24 7.28 9.45
B3PW91/6-313G(d,p)
7 0.00
[12)* 11.42 9.12 8.10 10.46

36-31+G(d,p) optimized structuré.E to 7 = Ejig: — Es.

BLYP, B3P86, and B3PW91 located ti dimer transition
state [L1]* but B3LYP did not. Transition statel{]* (Figure
11) is 6.84 kcal/mol higher in energy than t@e thiol dimer
(3) and 13.11 kcal/mol lower in energy than tBg, thione dimer
(5, Table 3). IRC calculations showed that transition stafig*[
connects theC, thiol dimer @) and theCyy, thione dimer §,
Figure 12). Transition statel {]*, with a barrier of 6.84 kcal/
mol, provides a facile pathway for tautomerization betwéen
and?2 in the gas phase (monomedimer promoted tautomer-
ization).

It is clear that the tautomeric equilibrium in the 2-pyrimidi-
nethiol (1) = 2-pyrimidinethione 2) system is shifted toward

TABLE 7: Relative Energies of 2-Pyrimidinethiol- - -2H,0
(8) and Transition State TS- - -2H0 [13]*ab

structure Erel H(O)rel H(298)e G(298)el
BLYP/6-311+G(d,p)
8 0.00
[13]* 11.84 8.57 7.29 10.30
B3LYP/6-311G(d,p)
8 0.00
[13]* 14.38 11.40 9.97 13.15
B3P86/6-31%G(d,p)
8
[13]* 10.21 7.21 9.00 11.64
B3PW91/6-31+G(d,p)
8
[13]* 11.44 8.53 7.22 10.23

26-31+G(d,p) optimized structuré.E to 8 = Ej13¢ — Es.

for the solvent assisted tautomerization df and 2 are
significantly lower than that involving transition staf&1 in
the gas phase (cf. Figure 10).

Conclusions

Among the functional used in this study, B3P86 and B3PW91
gave the most consistent overall results. All levels of theory
(BLYP, B3LYP, B3P86, B3PW91) predict 2-pyrimidinethiol
(1) to be more stable than 2-pyrimidinethior® {n the gas
phase an® to be more stable in aqueous medium. Thg
2-pyrimidinethione dimer) is predicted to be more stable than

the thione form in the presence of water, which suggests thatthe Cz 2-pyrimidinethiol dimer 8) in the gas phase and in the

water may also assist in the tautomeric interconver§igas 5658

This solvent-assisted shift of the tautomeric equilibrium from

aqueous medium.
Owing in part to geometrical deformations, the intramolecular

the thiol form to the thione form is due to the difference in the transition stateTS1 with a strained four center ring for the

dipole—dipole and dipole-induced dipole interactions of the

tautomer interconversion of monomeric 2-pyrimidinethib) (

respective tautomers with the solvent molecules. Solvent- and 2-pyrimidinethione) lies 29.07 kcal/mol higher thari)
promoted tautomerization via transition states involving one in the gas phase. Th@; 2-pyrimidinethiol dimer 8) is 6.84

water molecule TS- - -H,0, [12]%) and two water molecules
(TS- - -2H,0, [13)*, Figure 13) lie 11.42 and 11.44 kcal/mol,
respectively, higher in energy than pyrimidinethiol- -€1(7)
and pyrimidinethiol- - -2HO (8, Tables 6 and 7)TS- - -H,0
[12]* (Figure 14) and’S- - -2H,0 [13]* (Figure 15) were shown

kcal/mol lower in energy than th€, dimer transition state
([110%) that connects thiol dime3 and thione dime#. The C,
dimer transition state {[1]*) provides a facile pathway for
tautomerization betweehand?2 in the gas phase (monomer
dimer promoted tautomerization). 2-Pyrimidinethiol- -H(7)

to connect their respective minima (2-pyrimidinethiol hydrates and 2-pyrimidinethiol- - -2HO (9) are predicted to be 1.27 and
and 2-pyrimidinethione hydrates) by carrying out intrinsic 1.55 kcal/mol, respectively, higher in energy than k21
reaction coordinate (IRC) calculations in which the imaginary pyrimidinethione- - -HO (8) and 2(H)-pyrimidinethione- - -
modes for the transition states were followed in the forward 2H,0 (10). Water promoted tautomerization via transition states

and reverse directions. Thus, the barrier height&§[ [13]%)

involving one water moleculels- - -H»0, [12]%) and two water
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Figure 14. B3PW91/6-31%G(d,p)//B3PW91/6-3+G(d,p) relative
energies for the, 2-pyrimidinethiol- - -HO (7), Can 2(1H)-pyrimidi-
nethione- - -HO (8), and transition stat&S- - -H,0 [12]*.
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Figure 15. B3PW91/6-31%G(d,p)//B3PW91/6-31+G(d,p) relative
energies for 2-pyrimidinethiol- - -240 (9), 2(1H)-pyrimidinethione- - -
2H,0 (10), and transition stat&S- - -2H,0 [13]*.

molecules TS- - -2H,0, [13]#) lie 11.42 and 11.44 kcal/mol,
respectively, higher in energy than 2-pyrimidinethiol- -€H
(7) and 2-pyrimidinethiol- - -2HO (9).

Supporting Information Available: Tables of equilibrium

J. Phys. Chem. A, Vol. 110, No. 25, 2008011

thermochemical data. This material is available free of charge
via the Internet at http://pubs.acs.org.
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