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The relative energies and structures of 2-pyrimidinethiol (1), 4-methyl-2-pyrimidinethiol (3), 5-methyl-2-
pyrimidinethiol (5), and 4,6-dimethylpyrimidinethiol (7), and their dimers, disulfides, sulfenyl radicals, and
tautomers have been studied using restricted and unrestricted ab initio theory, density functional theory, complete
basis set methods, coupled cluster theory, and quadratic configuration interaction calculations. The
electrochemical oxidation of 2-pyrimidinethiol (1), 4-methyl-2-pyrimidinethiol (3), and 4,6-dimethylpyrim-
idinethiol (7) in ethanenitrile affords the respective disulfides in excellent yields. The less polar 2-pyrimidinethiol
tautomers are predicted to be the dominant species in the gas phase. CBS-QB3, CBS-Q, CCD, CCSD(T),
QCISD(T), and MP2 predict the energy difference (Erel) between (1) and its tautomer (2-pyrimidinethione,2)
to be in the narrow range from 7.23 to 7.87 kcal/mol. Similar trends are observed in theErel values for the
respective tautomers of 2-pyrimidinethiols (3), (5), and (7). The hybrid density functionals B3LYP, B3P86,
B3PW91, and MPW1PW91 predict smaller values forErel between the tautomers than any of the other models.
Substitution of methyl groups at positions 4 and 6 of the pyrimidine ring lowers the energy difference between
the respective tautomers while a methyl group at position 5 has little effect. The 2-pyrimidinethiol dimer (13)
is predicted to be 5.52 and 4.12 kcal/mol, respectively, lower in energy than the isomeric 2-pyrimidinethione
dimer (14) and heterodimer (15). The intramolecular four center transition states (TS1) for the tautomerization
of 2-pyrimidinethiols (1, 3a, 3b, 5, and7) in the gas phase have activation barriers of 34.84, 34.42, 34.02,
35.16, and 33.64 kcal/mol, respectively. Alternative lower energy pathways for tautomerism in the gas phase
involve dimers and dimer transition states. Dimers and dimer transition states are also involved in the
electrochemical oxidation of the 2-pyrimidinethiols. The APT, Mulliken (MPA), and NBO partial atomic
charges are compared with the CHELPG and MKS charges that give the most consistent and similar results.

Introduction

Sulfur centered radicals have received relatively little theo-
retical attention.1,2 However, considerable effort has been
devoted to the selection of antioxidants to prevent free radical
induced oxidation in biological and chemical systems. Thiols
are important antioxidants and are easily converted to their
anions, radicals, and disulfides. Thiols, thiones, sulfenyl anions
(thiolates, RS-), sulfenyl radicals (thiyl, RS•), and disulfides
also play important roles in diverse fields such as atmospheric
chemistry, biological chemistry, environmental chemistry, in-
dustrial chemistry, organic synthesis, and medicine.1 The
disulfide linkage is important in biological functions in mol-
ecules such as cysteine, glutathione, and insulin. Pyrimidinethi-
ols (-NdC-SH), pyrimidinethiones (-NH-CdS), and their
derivatives have been used extensively in surface chemistry and
in coordination chemistry because of the binding capabilities
of nitrogen and sulfur to metals.3-8 Pyrimidinethiols can
coordinate with metals as a neutral species (-NH-CdS) or as
a conjugate base (-NdC-S-). Dimers, dimeric transition states,
and tautomerism (eq 1) are probably involved in many of the

properties and reactions described above for 2-pyrimidinethiols
(2-mercaptopyrimidines).

The relative energies of tautomers and the mechanisms of
the tautomerism of heterocyclic thiols and thiones also play
significant roles in many areas of science. The respective
tautomers of 2-pyrimidinethiol (1, 2),5,9 4-methyl-2-pyrimidi-
nethiol (3a, 3b, 4a, 4b),10 5-methyl-2-pyrimidinethiol (5, 6),10

and 4,6-dimethyl-2-pyrimidinethiol (7, 8, Figure 1)9-11 are of
special interest. There are only a few computational studies on
the 2-pyrimidinethiol (1) / 2-pyrimidinethione (2) system:
[UBPW91/6-31+G(d,p),8 CNDO/2,12 MNDO,13 HF/3-21G(d),14

MBPT(2)/6-31G(d),14 and MP2.15 Recently Freeman and Po16

investigated the tautomerization mechanisms between (1) and
(2) in the gas phase and in the aqueous phase using density
functional theory (DFT). There are several theoretical reports
on 4-methyl-2-pyrimidinethiol (3)5,9 and only one computational
report (B3PW91) on 4,6-dimethyl-2-pyrimidinethiol (7).11a
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There is considerable discussion as to whether or not density
functional methods are appropriate for calculating the relative
energies of tautomeric cyclic thiols and thiones and the relative
energies of organosulfur compounds.5,15-23

Computational studies on sulfur-containing compounds may
show large basis set effects. We present an extensive systematic
study on the choice of methods and basis sets for a wide range
of structurally related species with important sulfur containing
functional groups including thiols, thiones, disulfides, sulfenyl
radicals, thiol dimers, thione dimers, and transition states in order
to obtain accuracy at reasonable computational costs. We have
calculated the relative energies of 2-pyrimidinethiols, 2-pyri-
midinethiones, and their derivatives using restricted and unre-
stricted complete basis set methods (CBS-QB3, CBS-Q, CBS-
4M), MP2, B3LYP, B3P86, B3PW91, MPW1PW91, CCD,
CCSD(T), and QCISD(T) with the 6-31+G(d,p), 6-31++G-
(d,p), 6-311+G(d,p), 6-311++G(d,p), and cc-pVDZ basis sets
in order to obtain reliable relative energies (Erel) between
tautomers, to study the mechanisms of tautomerization, and to
explore the species involved in the electrochemical oxidation
of 2-pyrimidinethiols. The 2-pyrimidinethiols (1, 3, 5, and7)
are oxidized under a wide range of experimental conditions to
the respective disulfides bis(2-pyrimidinyl) disulfide (9),10,24-26

bis(4-methyl-2-pyrimidinyl) disulfide (10),10,25-27 bis(5-methyl-
2-pyrimidinyl) disulfide (11),10 and bis(4,6-dimethyl-2-pyrim-
idinyl) disulfide (12, Figure 2).9,10,25-28 We also report the
electrochemical oxidation of 2-pyrimidinethiols (1), (3), and (7)
to their respective disulfides (9), (10), and (12). The mechanism
for the electrochemical oxidation of 2-pyrimidinethiols may
involve sulfenyl anions and sulfenyl radicals,1,29 and the
electronic structures and relative energies of the relevant sulfenyl
radicals that may be involved in the electrochemical processes
have also been studied.

Theoretical Methods

The calculations were carried out with the Spartan ’04
Macintosh,30 Spartan ’02 Unix,30 and Gaussian 0331,32 compu-
tational programs. Equilibium geometry calculations were
carried out with coupled cluster doubles (CCD), Moeller-
Plesset second-order perturbation theory (MP2), and the hybrid
density functionals B3LYP,33-36 B3P86,37 B3PW91,33,34,36-38

and MPW1PW9139 with the 6-31+G(d,p), 6-31++G(d,p),
6-311+G(d,p), 6-311++G(d,p),40-44 and cc-pVDZ45 basis sets.
The 6-311+G(d,p) basis set is of triple-ú quality for valence
electrons, and basis sets with diffuse functions are useful for
calculations of anions and structures with lone pairs.

No constraints were imposed on the structures during the
equilibrium geometry calculations and during the transition state
structure optimizations. Vibrational frequency analyses were
carried out in order to assess the nature of the stationary points

and to obtain zero point vibrational energies (ZPVEs). The
characteristics of local minima were verified by establishing
that the matrices of the energy second derivatives (Hessians)
have no imaginary frequencies. The complete basis set (CBS)
methods and the single point energy calculations on the
optimized structures using coupled cluster singles, doubles, and
triples models [CCSD, CCSD(T)] and quadratic configuration
interaction models [QCISD, QCISD(T)] with the cc-pVDZ basis
set were used to obtain the relative electronic energies (Erel).
The relative energy is the difference in calculated electronic
energy without zero-point or other corrections. The relative
enthalpy (H(0)rel) is the difference in enthalpy at 0 K (H(0)rel

) Erel + ZPVE correction), which is also the free energy
[G(0)rel] at that temperature.H(298)rel and G(298)rel are the
enthalpy and free energy differences corrected to 298.15 K. The
zero point vibrational energies (ZPVE) for B3LYP, B3P86,
B3PW91, and MP2 were scaled by 0.9804, 0.9759, 0.9772, and
0.9670, respectively, in the calculations of the relative thermo-
dynamic parameters.46,47Total energies are in atomic units (au),
and the other energies are in kcal/mol. Throughout this paper
bond angles and torsion (dihedral) angles are in degrees, bond
lengths are in angstroms (Å), dipole moments (µ) are in debyes
(D), atomic charges are in electrons, and entropies are in cal/
mol-K.

Experimental Section

Reagents.2-Pyrimidinethiol (1), 4-methyl-2-pyrimidinethiol
hydrochloride, and 4,6-dimethyl-2-pyrimidinethiol (7) were
purchased from the Aldrich Chemical Co. 2-Pyrimidinethiols
(1) and (7) were dissolved in 50% ethanol water solution at
60-70 °C, cooled, filtered, and dried in vacuum. 4-Methyl-2-
pyrimidinethiol hydrochloride was dissolved in water at 50°C,
neutralized with 1 M NaOH, and the final pH of the solution
adjusted to 10.5. The solution was cooled in a refrigerator
overnight, and the precipitated 4-methyl-2-pyrimidinethiol (3)
was separated by vacuum filtration and recrystallized from 50%
aqueous ethanol. The physical properties of the 2-pyrimidi-
nethiols (1, 3, 7) were in agreement with their respective
literature values. The compounds were further characterized by
mass spectrometry and ultraviolet-visible, FTIR,1H NMR, and
13C NMR spectroscopy.

Tetraethylammonium perchlorate (TEAP) was purchased
from G. F. Smith Chemical and was recrystallized from a 1:1
(v:v) ethanol/water solution. Glass distilled high purity ethaneni-
trile (CH3CN) was purchased from Burdick and Jackson and
used as received without further purification. All other solvents
used in the recrystallization and extraction procedures were of
reagent grade.

Figure 1. 2-Pyrimidinethiols (3, 5, 7) and their thione tautomers (4,
6, 8).

Figure 2. Bis(2-pyrimidinyl) disulfides (9), (10), (11), and (12).
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Elemental analyses were performed by Atlantic Microlab, Inc.
and NMR measurements (δ in ppm) were done in DMSO-d6

(TMS reference).
Cyclic Voltammetry. Cyclic voltammetry (CV) scans were

performed on (1, 3, 7) in ethanenitrile to determine their
oxidation potential for controlled-potential synthesis. A Princ-
eton Applied Research electrochemical system consisting of a
potentiostat/galvanostat, a Universal Programmer, and a digital
coulometer was used. The CV cell is a three-electrode cell that
consists of a Pt disk working electrode, a Ag/AgCl reference
electrode, and an auxiliary Pt foil electrode placed inside a fritted
disk glass tube. The electrolytic solution used was 0.1 M TEAP
in ethanenitrile that was degassed with purified dinitrogen which
was passed through an Oxiclear trace dioxygen remover and a
bubbler filled with the solvent. An initial CV scan of the
electrolyte solution was taken to ensure that no electroactive
impurities were present. A 2-pyrimidinethiol (1, 3, or 7)
concentration of 1.00× 10-3 M (e.g., 6.7 mg or 6× 10-5 mol
(1) in 60 mL) in ethanenitrile was prepared and scanned at a
rate of 100, 200, and 500 mV/s. The CV of (1) showed an

irreversible anodic peak at Epa ) 0.62 V and on reverse scan
a cathodic peak at Epc ) -0.32 V. All potentials are given in
reference to the Ag/AgCl electrode. The cathodic peak was not
present when the scan was initiated from the positive to the
negative potential region. This means that the cathodic peak
observed during the reverse scan was due to the reduction of
the disulfide (9) back to 2-pyrimidinethiol (1). The respective
anodic potentials for thiols (3) and (7) are 0.79 and 0.87 V and
their cathodic potentials are-0.33 and-0.43 V, respectively.
The Epa was found to increase with methyl substituents on the
pyrimidine ring (1, 3, 7), from +0.62 to+0.87 V. The anodic
potential tends to become more positive in subsequent scans,
which suggests the adsorption of sulfenyl anion (R-S-) on the
metal surface forming Pt-S bonds and polymers of Pt(-SR)n.10

Electrochemical Synthesis of Disulfides.The electrosyn-
theses of disulfides (9, 10, 12) were carried out at potentials
slightly higher than the Epa recorded in the cyclic voltammetry
studies. This was done to ensure complete oxidation of the thiol.
An electro-cell consists of cylindrical Pt mesh electrode of 4
cm (d) × 3 cm (h), a smaller auxiliary cylindrical Pt mesh
electrode of 1 cm (d)× 2.5 cm (h), and a Ag/AgCl reference
electrode. During the experiment, the electro-cell was wrapped
with aluminum foil to exclude light. A typical 5× 10-3 M
solution of 2-pyrimidinethiol (e.g.,1, 39.3 mg or 3.5× 10-4

mol in 70 mL of 0.1 M TEAP/ CH3CN) was prepared and
degassed with purified dinitrogen for 15 min to remove
dissolved dioxygen. During the electrosynthesis, the solution
was kept under dinitrogen and stirred continuously. Aliquot
samples of 100µL (microliter) were removed every 5 min and
diluted with 5 mL of ethanenitrile for spectral and thin layer
chromatography (TLC) analysis. The TLC separation of the two
compounds was done on an alumina-coated plate using 1:1 (vol:
vol) CH3OH/CH2Cl2 mixture as the eluting solvent. Figure 3
shows the UV-vis spectral changes as a function of time at
289 nm due to the disappearance of 2-pyrimidinethione (1, 2)
and the increase absorbance of the disulfide (9) at 238 nm.
Figure 4 shows the formation curve of (9) and the disappearance
curve of (1, 2) reaching plateaus after about 45 min of

Figure 3. Spectra of the appearance of disulfide (9) and the disappearance of 2-pyrimidinethione (2) during electrosynthesis. CurveA, time 0;B,
3 min; C, 13 min; andD, 41 min.

Figure 4. Absorbance changes during the electrochemical oxidation
of 2-pyrimidinethiol (1/2 at 289 nm, dark squares) to the disulfide (9
at 238 nm, open circles) as a function of time.
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controlled-potential. At this point, the TLC showed only one
spot indicating only the disulfide (9) was present.

The solution was transferred to a round-bottom flask and the
solvent removed under vacuum at 60°C in a rotary flash
evaporator. The solid was dissolved in water, pH adjusted to 7
with an appropriate amount of 1 M HCl or 1 M NaOH, and
extracted with 3× 20 mL of diethyl ether. The organic layer
was removed and dried over anhydrous Na2SO4. The Na2SO4

was removed by filtration and the solvent was removed from
the filtrate under vacuum at room temperature to give disulfide
(9) as a light yellow solid. The solid was dried in vacuum and
crystallized from methanol. The disulfide (9) was purified further
from a 1:1 (vol:vol) acetone/petroleum ether solution in a
container wrapped with aluminum foil to exclude light. It was
dissolved in the mixed solvent at about 45°C. Activated
charcoal powder was added, and the mixture was stirred for 1
h and filtered. The filtrate was allowed to stand overnight at
room temperature and filtered, and the solid was washed with
a cold solution of acetone/petroleum ether and dried under
vacuum. The overall yields of disulfides (9), (10), and (12) were
over 90%.

A plot similar to Figure 4 that was obtained during the
electrochemical oxidation of 4,6-dimethyl-2-pyrimidinethiol (7/
8) to its disulfide (12) is shown in Figure SI-1 in the Supporting
Information. The physical properties, elemental analysis, and
spectral data for bis(2-pyrimidinyl) disulfide (9), bis(4-methyl-
2-pyrimidinyl) disulfide (10), and bis(4,6-dimethyl-2-pyrimidi-
nyl) disulfide (12) are given in the Supporting Information.

Results and Discussion

Levels of Theory and Relative Energies. Owing to the
possibility of basis set effects, it was necessary to establish
reliable levels of theory for the computational study of the
organosulfur structures and the relative energies of the tautomers
of 2-pyrimidinethiols.5,15-23 The coupled cluster theory of
Bartlett and co-workers,48-50 including single, double, and triple
excitations (CCD, CCSD, CCSD(T)), has been found to be one
of the best methods for calculating energy differences, and it is
excellent for estimating electron correlation energy. Quadratic
configuration interaction (QCISD) is closely related to coupled
cluster theory and is also excellent for estimating electron
correlation energy.51,52 The highly accurate complete basis set
(CBS) models were developed by Petersson and co-workers53,54

with the idea that a major source of error in quantum mechanical
calculations arises from basis set truncation. The CBS methods
are among the most accurate multicomponent quantum me-
chanical methods, including the G-series developed by Pople
and co-workers55,56and the W-series developed by Martin and
co-workers,57,58that are capable of producing accurate ((1 kcal/
mol) thermochemical data.

CBS-QB3 is the most accurate of the CBS models and
includes the minimum population localization method. It is a
five-step procedure that starts with B3LYP/CBSB7 geometry
and frequency calculations, followed by CCSD(T)/6-31+G(d,p),
MP4SDQ/CBSB4, and MP2/CBSB3 single point energy cal-
culations, and a CBS extrapolation.53,54 The CBS-Q model is
similar to CBS-QB3 and starts with a geometry optimization at
the MP2/6-31G(d′) level of theory, and the zero point energy

TABLE 1: Relative Energy for 2-Pyrimidinethiol (1) and
2-Pyrimidinethione (2)

level of theory Erel
a level of theory Erel

a

CBS-QB3 7.37 B3P86/6-311+G(d,p) 3.28
CBS-Q 7.23 B3P86/6-311++G(d,p) 3.28
CCD/cc-pVDZ 7.70 B3PW91/6-31+G(d,p) 3.05
CCSD/cc-pVDZb 8.00 B3PW91/6-311+G(d,p) 3.42
CCSD/cc-pVDZ(T)b 7.87 B3PW91/6-311++G(d,p) 3.41
QCISD/cc-pVDZb 7.43 MP2/6-31+G(d,p) 7.47
QCISD/cc-pVDZ(T)b 7.68 MP2/6-31++G(d,p) 7.48
B3LYP/6-311+G(d,p) 3.60 MP2/6-311+G(d,p) 8.84
B3LYP/6-311++G(d,p) 3.60

a Erel ) E(thione)- E(thiol). b CCD/cc-pVDZ optimized structure.

TABLE 2: Relative Energies for 2-Pyrimidinethiols (3, 5, 7)
and 2-Pyrimidinethiones (4, 6, 8)

Erel
a

level of theory 3a, 4a 3b, 4b 5, 6 7, 8

CBS-QB3 6.70 6.92 7.58
CBS-Q 6.40 6.54 7.23 5.23
CCD/cc-pVDZ 6.66 6.83 9.11
CCSD/cc-pVDZb 7.18 7.35 7.78
CCSD/cc-pVDZ(T)b 7.18 7.30 7.91
QCISD/cc-pVDZb 6.64 6.83 7.40
QCISD/cc-pVDZ(T)b 6.99 7.12 7.71
B3LYP/6-31+G(d,p) 2.80 2.91 3.53 2.41
CCSD/cc-pVDZc 7.17 7.82 8.06 6.71
QCISD/cc-pVDZc 6.71 6.83 7.46 6.16
B3LYP/6-31++G(d,p) 2.79 2.90
CCSD/cc-pVDZd 7.29 7.46
QCISD/cc-pVDZd 6.71 6.89
B3P86/6-31+G(d,p) 2.32 2.45 1.91
B3PW91/6-31+G(d,p) 2.43 2.55 3.53 2.01
CCSD/cc-pVDZe 7.28 7.46 8.09 6.72
CCSD(T)/cc-pVDZe 6.63
QCISD/cc-pVDZe 6.72 6.91 7.48 6.19
QCISD(T)/cc-pVDZe 6.44
B3PW91/6-31++G(d,p) 2.42 2.53
CCSD/cc-pVDZf 7.28 7.46
QCISD/cc-pVDZf 6.72 6.91
MP2/6-31+G(d,p) 6.84 7.13 7.83 6.50

a Erel ) E(thione)- E(thiol). b CCD/cc-pVDZ optimized structure.
c B3LYP/6-31+G(d,p) optimized structure.d B3LYP/6-31++G(d,p)
optimized structure.e B3PW91/6-31+G(d,p) optimized structure.
f B3PW91/6-31++G(d,p) optimized structure.

TABLE 3: Comparison of MP2/6-31+G(d,p) Partial Atomic
Charges for 2-Pyrimidinethiol (1), 2-Pyrimidinethione (2),
and the 2-Thiopyrimidinyl Radical (19)

atom CHELG MKS NBO APT MPA

1
N1 -0.837 -0.786 -0.591 -0.529 -0.252
C2 +0.856 +0.715 +0.342 +0.664 -0.036
N3 -0.720 -0.661 -0.579 -0.511 -0.237
C4 +0.580 +0.543 +0.141 +0.304 +0.035
C5 -0.660 -0.748 -0.403 -0.194 -0.216
C6 +0.646 +0.627 +0.139 +0.293 +0.042
S7 -0.309 -0.269 +0.077 -0.205 +0.062
S-H +0.208 +0.219 +0.145 +0.058 +0.062

2
N1-H +0.254 +0.268 +0.477 +0.218 +0.385
N1 -0.447 -0.392 -0.682 -0.507 -0.446
C2 +0.722 +0.546 +0.325 +0.935 +0.194
N3 -0.782 -0.733 -0.571 -0.645 -0.222
C4 +0.759 +0.763 +0.192 +0.588 +0.078
C5 -0.654 -0.794 -0.440 -0.371 -0.241
C6 +0.368 +0.371 +0.164 +0.238 +0.073
S7 -0.519 -0.454 -0.218 -0.626 -0.405

19
N1 -0.719 -0.685 -0.583 -0.525 -0.254
C2 +0.796 +0.724 +0.288 +0.697 -0.012
N3 -0.719 -0.685 -0.583 -0.525 -0.254
C4 +0.552 +0.526 +0.141 +0.305 +0.031
C5 -0.602 -0.657 -0.402 -0.196 -0.217
C6 +0.552 +0.526 +0.141 +0.305 +0.031
S7 -0.111 -0.087 +0.267 -0.185 +0.129
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is calculated at the HF/6-31G(d) level. A large basis set SCF
calculation [(HF/6-311+G(3d2f,2df,2p)] is used as a base
energy, and a MP2/6-311+G(3d2f,2df,2p) calculation with a
CBS extrapolation is used to correct the energy through second
order. Two additional calculations are used to approximate
higher order contributions: MP4(DQ)/6-31+G(d(f)d,f) with
extra polarization functions on chlorine, phosphorus, and sulfur
to approximate the higher order correlation effects and QCISD-
(T)/6-31G(d′) for still higher order effects. CBS-Q has an
empirical correction for spin contamination and a size-consistent
higher order size correction. CBS-4M is less accurate and less
computationally expensive than either CBS-QB3 or CBS-Q. It
also includes the minimum population localization method and
begins with a HF/3-21G(d) geometry optimization followed by
a frequency calculation. It then uses a large basis set SCF
calculation [HF/6-311+G(3d2f,2df,p)] as a base energy, and an
MP2/6-31+G(d) calculation with a CBS extrapolation to correct
the energy through second order. A MP4(DQ)/6-31+G(d,p)
calculation is used to approximate higher order contributions
before the CBS extrapolation.

Tables 1 and 2 show the effects of different levels of theory
on the values of the relative energy (Erel) between isomers and
tautomers of the 2-pyrimidinethiols (1), (3), (5), and (7). The
less polar pyrimidinethiol tautomer is the dominant species in
the gas phase, and 4-methyl-2-pyrimidinethiol (3a) is 2.84 kcal/
mol lower in energy than 5-methyl-2-pyrimidinethiol (5). CBS-
QB3, CBS-Q, CCSD, CCD, QCISD, and MP2 predict the
energy difference (Erel) between (1) and its tautomer (2-

pyrimidinethione,2) to be in the narrow range of 7.23-7.87
kcal/mol. Similar trends are predicted for theErel values of the
tautomers of 2-pyrimidinethiols (3), (5), and (7). CCSD predicts
larger energy differences (Erel) between tautomers than QCISD
and QCISD/cc-pVDZ predictsErel values closer to CBS-QB3
and CBS-Q than QCISD(T)/cc-pVDZ. The 6-31+G(d,p) and
6-31++G(d,p) or the 6-311+G(d,p) and 6-311++G(d,p) basis
sets predict the same value ofErel (Tables 1 and 2). However,
although the differences are small, MP2/6-31+G(d,p) predicts
values ofErel closer to CBS-QB3, CBS-Q, and CCD/cc-pVDZ
than MP2/6-311+G(d,p). The hybrid density functionals B3LYP,
B3P86, B3PW91, and MPW1PW91 predict smaller values for
Erel between tautomers than any of the other models used in
this study. This is true irrespective of the basis set used and the
inclusion of diffuse functions.59 It is also seen in Tables 1 and
2 that increasing the number of methyl groups at positions 4
and 6 on the pyrimidine ring of (1) lowers the energy difference
(Erel) between the respective tautomers while a methyl group
at position 5 has little effect.

Structures of Tautomers.The sulfanyl hydrogen (S-H) in
4-methyl-2-pyrimidinethiol (3) can exist in either the anti (3a)
or syn (3b) conformation relative to the methyl group. Similarly,
the N-H bond in (4) can exist in either the anti (4-methyl-
2(1H)-pyrimidinethione,4a) or syn (4-methyl-2(3H)-pyrimidi-
nethione4b) conformation relative to the methyl group. There
are small energy differences among the tautomers of 4-methyl-
2-pyrimidinethiol (3a, 3b, 4a, 4b), and CBS-QB3 predicts the
energy difference between (3a) and (3b) and between (4a) and

Figure 5. MP2/6-31+G(d,p) optimized structures of 2-pyrimidinethiol, 4-methyl-2-pyrimidinethiol, 5-methyl-2-pyrimidinethiol, 4,6-dimethyl-2-
pyrimidinethiol, and their tautomers.

Figure 6. B3PW91/6-31+G(d,p) optimized transition states for the tautomerization of 2-pyrimidinethiols.
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(4b) to be 0.05 and 0.28 kcal/mol, respectively. Unlike thiol
(3), one ground state structure of 2-pyrimidinethiol (1), of
5-methyl-2-pyrimidinethiol (5), and of 4,6-dimethyl-2-pyrim-
idinethiol (7) were considered. Similarly, one ground state
structure of 2-pyrimidinethione (2), 5-methyl-2-pyrimidinethione
(6), and 4,6-dimethyl-2-pyrimidinethione (8) were investigated.

C-S bond lengths in simple dialkyl sulfides and diaryl
sulfides have the mean average distance of 1.82 Å and 1.75 Å,
respectively.60 Resonance between the 2p orbitals of the ring
carbon and 3p orbitals of sulfur contributes to the shorter bonds
in the diaryl disulfides. Selected geometrical parameters for the
2-pyrimidinethiols (1, 3, 5, 7) and 2-pyrimidinethiones (2, 4, 6,
8) are shown in Figure 5. Several levels of theory predict the
C-S bond lengths in the 2-pyrimidinethiols (1, 3a, 3b, 5, 7) to
be close to 1.765 Å and their S-H bond lengths to be 1.333 Å.
The predicted thiocarbonyl (CdS) bond lengths in the 2-pyri-
midinethiones (2, 4, 6, 8) are close to 1.665 Å, which is
consistent with the double bond character. Unlike the 2-pyri-
midinethiones, the bond lengths in the heteroaromatic rings of
the 2-pyrimidinethiols are consistent with their aromatic char-
acter.61 The N1-C2-N3 bond angles in the 2-pyrimidinethiols
are near 127°, and these angles in the 2-pyrimidinethiones are
near 116°. The N1-C2-S7 bond angles in the 2-pyrimidinethi-
ols are near 115°, and these angles in the 2-pyrimidinethiones
are near 120°.

Selected intramolecular nonbonded N-H-S distances in the
2-pyrimidinethiols and the intramolecular nonbonded S-H-N
distances in the 2-pyrimidinethiones are shown in Figure 5.62

Attractive electrostatic interactions between the nitrogen atom
and the sulfanyl hydrogen in the thiols and between the N-H
bond hydrogen and sulfur atom in the thiones are possible. These
interactions are reasonable since the optimized N-H-S separa-
tion is smaller than the sum of the van der Waals radii for
hydrogen (1.20 Å) and nitrogen (1.55 Å) in the 2-pyrimidi-
nethiols and the hydrogen nonbonded sulfur distance is less than
the sum of the van der Waals radii for hydrogen and sulfur
(1.80 Å) in the 2-pyrimidinethiones. In 2-pyridinethiol the
intramolecular N-H-S interaction is worth approximately 1.4
kcal/mol.17

Partial Atomic Charges of Disulfides, Thiols, and Thiones

Although partial atomic charges on atoms can be neither
measured nor obtained unambiguously from quantum chemical
calculations, they are an integral part of all aspects of science
including mechanisms and structures in chemistry.63-70 The
distribution of atomic charges is of particular interest in

nonbonding interactions, hydrogen bonding, and dimer forma-
tion. Several schemes are widely employed to calculate partial
atomic charges, but there is no one scheme that is best for all
systems. Each method offers distinct advantages, each scheme
suffers from disadvantages, and the calculated atomic charges
are dependent on the level of theory used. It is known that the
Mulliken population analysis (MPA)65 may fail when extended
basis sets and diffuse functions are used and that NBO (natural
bond orbital analysis, NPA, natural population analysis)66 may
lead to exaggerated C-H bond dipoles. The MP2/6-31+G(d,p)
partial atomic charges of 2-pyrimidinethiols (1, 3, 5, 7), and
2-pyrimidinethiones (2, 4, 6, 8) using NBO, electrostatic
potential-derived charges in the CHELPG scheme,67 electrostatic
potential-derived charges in the Merz-Kollman-Singh scheme
(MKS),68 and an approach that makes use of atomic polar
tensors (GAPT or APT)69,70are shown in Table 3 and in Tables
SI-1, SI-2, SI-3, and SI-4 in the Supporting Information. A
comparison of MP2/6-31+G(d,p) and B3PW91/6-31+G(d,p)
partial atomic charges for 2-pyrimidinethiol (1) and 2-pyrim-
idinethione (2) is available with Table 3 and Table SI-5 in the
Supporting Information.

Among the five population analysis schemes, the Mulliken
calculations deviate the most from the trends generated by the
other four methods (Tables 3, SI-1, SI-2 SI-3, SI-4). The partial
atomic charges calculated by APT, CHELPG, and MKS are
similar, and CHELPG and MKS give the most consistent results.
Owing in part to greater electronegativity, the nitrogen atoms
have the most negative charges with CHELPG and MKS
calculating very negative values. It is seen in the tables that the
partial atomic charges on the nitrogens are unequal, that C5
has a partial negative charge, and that the thiocarbonyl sulfur
has partial negative charge more negative than the sulfanyl sulfur
in all tautomers (1-8). Although all schemes are in agreement
on the nitrogen atoms, they do not agree on the partial atomic
charges on sulfur and the methyl group carbons. For 2-pyrim-
idinethiols (1, 3, 5, 7), only NBO predicts a partial positive
charge on sulfur and for tautomers (3), (4), (5), (7) and (8) only
APT predicts partial positive charges on the methyl carbons.
For the thiones (2, 4, 6, 8) all schemes predict partial negative
charges on sulfur and on the methyl carbons.

The B3PW91/6-31+G(d,p) calculated APT, CHELPG, MKS,
and NBO partial atomic charges on the sulfur atoms in (1) and
(2) (Table SI-5 in the Supporting Information) and in the
disulfides (9, 10, 12) are equal and negative (Table SI-6 in the
Supporting Information). For example, a comparison of the two
levels of theory using 2-pyrimidinethione (2) shows that the
smallest differences are with CHELPG, MKS, and NBO. Only
Mulliken predicts positive partial charges on the sulfur atoms.
The charges on the respective atoms are equal except for
nitrogen where one atom has a slightly more negative charge
than the other.

Spectral Data of Disulfides, Sulfenyl Radicals, Thiols, and
Thiones

The calculated vibrational spectra of the 2-pyrimidinethiols
(1, 3, 5, 7) show the S-H stretching frequency in the 2600-
2800 cm-1 region. These predictions are in agreement with the
experimental values reported for organosulfur compounds
containing the sulfanyl group.8,71 Although the S-H stretching
frequency has a relatively low intensity, it is useful for detecting
the sulfanyl group since few other groups show absorption in
this region. The involvement of intramolecular and intermo-
lecular hydrogen bonds influences the absence, presence, and
intensity of the S-H stretching frequency. The weak and

TABLE 4: Relative Energies for 2-Pyrimidinethiols (1, 3, 5,
7) and Their Transition States (TS1)a

TS1

level of theory H Me4a Me4s Me5 Me46

CBS-4M 31.93 31.45
B3LYPb 30.94 31.34 29.94
B3LYPc 31.18
B3PW91b 29.06 28.64 28.42 29.46 28.03
B3PW91c 29.03
MP2b 34.61 34.56 34.15 35.16
MP2c 34.14
CCSDd,e 35.30 34.85 34.46 35.60 34.05
CCSD(T)d,e 32.77 32.45 32.04 33.09 31.72
QCISDd,e 34.84 34.42 34.02 35.16 33.64
QCISD(T)d,e 32.55 32.23 31.82 32.87 31.51

a Erel ) E(TS1) - E(thiol). b 6-31+G(d,p) basis set.c 6-311+G(d,p)
basis set.d cc-pVDZ basis set.e B3LYP/6-31+G(d,p) or B3PW91/6-
31+G(d,p) optimized structure.
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variable C-S stretching vibration is seen in the region of 400
and 500 cm-1. The calculated vibrational spectra of the
2-pyrimidinethiones (2, 4, 6, 8) are consistent with experimental
spectra of thiocarbonyl compounds showing the CdS absorption
in the 1000-1250 cm-1 region. Bands are also observed in the
700-1565 cm-1 region owing to vibrations between C-N and
CdS stretching. The S-S stretching vibration in the disulfides
is very weak and falls between 400 and 600 cm-1. Disulfide
(9) shows a weak band at 552 cm-1 due to the S-S bond. A
similar S-S stretching frequency at 544 cm-1 is observed for
disulfide (10) and for disulfide (12). The predicted vibrational
frequencies for the sulfenyl radicals are similar to those of the
2-pyrimidinethiols and 2-pyrimidinethiones but do not show the

S-H stretching frequency in the 2600-2800 cm-1 region and
the N-H stretching frequency in the 3400 cm-1 region.

In ethanenitrile, the ultraviolet spectrum of 2-pyrimidinethione
(2) shows absorptions at 377 nm, (logε ) 3.29), 289 nm (log
ε ) 4.22), and 216 nm (logε ) 3.82). In water, the absorptions
are at 373 nm (logε ) 3.29), 291 nm (logε ) 3.29), and 214
nm (logε ) 3.29).9 The absorption maxima (λmax) in ethaneni-
trile for the 2-pyrimidinethiones (4) and (8) are both at 288 nm
with log ε ) 4.22 and logε ) 4.25, respectively. The
ultraviolet-visible spectra of the 2-pyrimidinethiols/2-pyrim-
idinethiones and the corresponding disulfides are very different.
The absorption spectra of the disulfides (9, 10, and 12) are
similar with each showing an intense peak at 238 nm (logε )

Figure 7. B3PW91/6-31+G(d,p) optimized structures and CHELPG charges for the 2-pyrimidinethiol dimer (13), 2-pyrimidinethione dimer (14),
and thiol/thione heterodimer (15).

Figure 8. B3PW91/6-31+G(d,p) optimized structures for the 5-methyl-2-pyrimidinethiol dimer (16), 5-methyl-2-pyrimidinethione dimer (17), and
thiol/thione heterodimer dimer (18).

TABLE 5: MP2/6-31+G(d,p) Partial Atomic Charges for Transition States TS1H and TS1Me5

TS1H TS1Me5

atom CHELPG MKS NBO APT Mulliken CHELPG MKS NBO APT Mulliken

N1 -0.499 -0.447 -0.717 -0.612 -0.249 -0.372 -0.365 -0.574 -0.620 -0.215
C2 +0.732 +0.580 +0.363 +0.686 +0.078 +0.618 +0.563 +0.239 +0.684 +0.148
N3 -0.747 -0.689 -0.572 -0.559 -0.224 -0.627 -0.625 -0.469 -0.552 -0.213
C4 +0.657 +0.650 +0.183 +0.421 +0.098 +0.398 +0.416 +0.087 +0.365 +0.012
C5 -0.625 -0.695 -0.437 -0.310 -0.262 -0.138 -0.068 -0.152 -0.169 +0.266
C6 +0.444 +0.416 +0.194 +0.346 +0.051 +0.188 +0.182 +0.089 +0.289 -0.063
S7 -0.447 -0.401 -0.191 -0.617 -0.342 -0.381 -0.366 -0.112 -0.638 -0.343
S-H +0.195 +0.206 +0.423 +0.470 +0.274 +0.151 +0.342 +0.422 +0.484 +0.271
C8 -0.170 -0.510 -0.712 +0.106 -0.671
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4.26), 239 (4.24) and 240 (4.23), respectively, with a weak
shoulder absorption at about 275 nm (logε about 3.78).

Tautomerization Mechanisms

The gas phase tautomerization mechanism of 2-pyrimidi-
nethiols may involve strained intramolecular four centered
transition state structures (TS1, Figure 6, Table 4) in which the
proton transfers from sulfur to the pyrimidine ring nitrogen or
dimer transition states. Each of the five transition state structures
(TS1) has one imaginary frequency and shows the four center
pattern involving the C-S-H-N atoms. The N1-C2-S7 bond
angle decreases as the 2-pyrimidinethiol goes to the transition
state (TS1). Intrinsic reaction coordinate (IRC) calculations show
that these transition states connected the respective 2-pyrim-
idinethiol and 2-pyrimidinethione.72 None of the transition states
(TS1) shows S-H stretching in the 2600-2800 cm-1 region
indicating that the S-H bond is essentially broken since it has
increased in length from 1.333 Å to 1.703 Å. QCISD/cc-pVDZ//
B3PW91/6-31+G(d,p) predicts these barriers to tautomerization
to be 34.84, 34.42, 34.02, 35.16 and 33.64 kcal/mol, respec-
tively, for (1, 2), (3a, 4a), (3b, 4b), (5, 6), and (7, 8).16 Similar
barriers were calculated at the MP2/6-31+G(d,p) level of theory.
The energy difference (Erel) between 2-pyridinethiol and it
intramolecular four center transition state is approximately 25
to 30 kcal/mol.17

It is seen in a comparison of the data in Tables 3 and 5 and
in Table SI-3 in the Supporting Information that the atomic
charges on some atoms in the 2-pyrimidinethiols change
significantly as the 2-pyrimidinethiol goes from the ground state
to the transition state (TS1). In general the partial negative
charge on N1 decreases, except from APT, the partial positive
charge on C2 decreases from CHELPG and MKS, the partial
negative charge on N3 decreases from CHELPG and MKS, the
partial positive charge on C4 increases from the four methods,
the negative charge at C5 increases from the four methods, the
partial negative charge on S7 increases from CHELPG and
MKS, the partial positive charge on C4 increases from the four
methods, and the partial positive charge on the sulfanyl hydrogen
increases from the four methods.

Lower energy pathways (relative toTS1) via dimers and
dimer transition states are available for the tautomerization of

2-pyrimidinethiols in the gas phase.16 The pyrimidinethiols can
exist as homodimers (self-association) and thiol/thione het-
erodimers in the gas phase and in solution. The dimers of
2-pyrimidinethiol (13, 14, 15, TS2) and 5-methyl-2-pyrimidi-
nethiol (16, 17, 18, TS3) are shown in Figures 7, 8, and 9. The
relative energies of the three isomeric dimers (13, 14, 15) are
very sensitive to the level of theory used. B3LYP, B3P86, and
B3PW91 with the 6-31+G(d,p) or 6-311+G(d,p) basis set
predict the thione dimer (14) to be lower in energy than the
heterodimer (15) which is lower in energy than the thiol dimer
(13). That is, the relative stability order is14 > 15 > 13. CBS-
4M predicts the order to be13 > 15 > 14. CBS-4M predicts
the thiol dimer (13) to be 5.52 kcal/mol lower in energy than
the thione dimer (14) and 4.12 kcal/mol lower in energy than
the heterodimer (15). For the dimers of 5-methyl-2-pyrimidi-
nethiol (16, 17, 18) CBS-4M predicts the thiol dimer (16) to be
5.76 kcal/mol lower in energy than the thione dimer (17) and
4.26 kcal/mol lower in energy than the heterodimer (18).
Attempts to locate transition statesTS2 andTS3 with the CBS
methods were unsuccessful. Intrinsic reaction coordinate (IRC)
calculations show that transition stateTS2connects thiol dimer
(13) and thione dimer (14) and that transition stateTS3connects
thiol dimer (16) and thione dimer (17).16 MP2/6-31+G(d,p)//
B3PW91/6-31+G(d,p) predicts transition stateTS2 to be 11.1
kcal/mol higher in energy than thiol dimer (13) andTS3 to be
8.59 kcal/mol higher in energy than thiol dimer (16). Although
these values for the monomer-dimer promoted tautomerization
of (1) and (5) are qualitative, they are significantly smaller than
the respective barriers to tautomerization via the four center
transition statesTS1H andTS1Me5(Figure 6, Table 4).15,16,73-75

The differences in the B3PW91/6-31+G(d,p) CHELPG
partial atomic charges on the atoms in the monomers (Table 3)
and in the dimers (Figure 7) are also of interest. For monomer
(1) and the 2-pyrimidinethiol dimer (13), the charge on the S-H
hydrogen remains the same and the S7 atom in the dimer (13)
is 0.02 unit more negative than the one in the monomer (1).
N1 and N3 of the thiol dimer (13) are slightly more positive
than those in the monomer (1). The sulfur atom in the thione
dimer (14) is 0.04 unit more negative than the sulfur in the
thione monomer (2). The charge on the N1-H hydrogen in the
2-pyrimidinethione dimer (14) is +0.116 compared to+0.256
in the monomer (2), which is a significant change. The charge
on N3 remains about the same, but N1 of the dimer (14) is
more positive than the thione monomer (2) by 0.24 unit. In the
heterodimer (15), the S7-H hydrogen (+0.199) is less positive
than the thiol (+0.208) and the N1-H hydrogen is now negative
(-0.062) as compared to the thione (2, +0.256). The sulfur

Figure 9. B3PW91/6-31+G(d,p) optimized structures for transition
statesTS2 andTS3.

SCHEME 1
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atoms in the heterodimer (15) are less negative than the sulfur
atoms in the thiol (1) and thione (2) monomers. The N1 nitrogen
atoms in the heterodimer (15) are significantly less negative
than the N1 atoms in the thiol (1) and thione (2) monomers.

Mechanisms of Disulfide Formation During
Electrochemical Oxidation

2-Pyridinethiols and 2-pyrimidinethiols (1 / 2; 3 / 4; 5 /
6; 7 / 8) exist in solution with their respective thione tautomers
although it is generally accepted that pyridinethiols and pyri-
midinethiols exist as thiones rather than thiols in solution.9,73-76

However, in solution the more reactive sulfanyl group can be
oxidized to the corresponding disulfide and the disulfide can
be reduced back to the thiol. The complex equilibria among
pyrimidinethiols, pyrimidinethiones, and disulfides in solution
include dimer formation, reverse thione-disulfide transforma-
tion, monomer-dimer equilibrium, thiol/thione equilibrium, and
thiol-disulfide interactions (Scheme 1, Figures 7, 8, 9). These
equilibria are influenced by concentration, solvent, structure,
substituent, and temperature. In aqueous solution the 2-pyrim-
idinethione tautomers (1 / 2) may be associated with one, two,
three, or more water molecules.16

The 2-pyrimidinethiols (1, pKa ) 7.24; 3, pKa ) 7.73; 7,
pKa ) 8.54) are weak acids.8,9,73,77-79 Some of the reactions
and processes occurring during the electrochemical oxidation
of the sulfanyl group are shown in Scheme 1 and Figure 10.
The sulfenyl radical formed in eq 2 can dimerize to the disulfide
(9, eq 3). Dissociation of the thiol (1) affords the 2-thiopyri-
midinyl anion (eq 4) that can lose an electron (electron transfer)
to form the 2-thiopyrimidinyl radical (eq 5). Equation 6 shows
the reduction of the disulfide (9) back to 2-pyrimidinethiol (1)

during the reverse cathodic scan. It is known that sulfenyl
radicals can be generated over a wide range of pH.8,79Examples
include phenylsulfenyl (phenylthiyl) radicals that can be pre-
pared in acidic solutions by abstraction of the sulfanyl hydrogen
atom from thiophenols80 and at pH 11-13.5 by oxidizing
thiophenolate anions with azide radicals.81

Figure 10. Equations depicting the electrochemical oxidation of
2-pyrimidinethiol (1).

SCHEME 2

Figure 11. UMP2/6-31+G(d,p) optimized structures and CHELPG
partial atomic charges for 2-pyrimidinylsulfenyl radicals.

TABLE 6: Relative Energies for 2-Pyrimidinethiols (1, 3a, 5,
7) and Their Respective 2-Thiopyrimidinyl Radicals (19, 20,
21, 22)a

level 19 20 21 22

CBS-QB3 89.21
CBS-Q 89.22 88.99 89.20 89.18
CBS-4M 89.65 88.03 89.66 89.48
UB3LYPb 90.52 90.41 90.23
UB3PW91b 90.44 90.34 90.16
UMPW1PW91b 89.90 89.82 89.88 89.64
UMP2b 87.03 87.01 87.04 87.11

a Erel ) E(radical+ H•) - E(thiol). b 6-31+G(d,p) basis set.
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The corresponding sulfenyl radicals (2-pyrimidinyl,19;
4-methyl-2-pyrimidinyl,20; 5-methyl-2-pyrimidinyl,21) from
the 2-pyrimidinethiols (1), (3), and (5) were explored. UB3LYP/
6-31+G(d,p) and UB3PW91/6-31+G(d,p) did not locate the
5-methyl-2-pyrimidinyl sulfenyl radical (21). Figures 5 and 11
show the differences in C-S and CdS bond lengths in the
thiols, thiones, and sulfenyl radicals. It is seen that the carbon
sulfur bond in the radicals is shorter than the C-S bond in the
thiols and longer than the CdS bond in the thiones. Since there
are only small changes in the bond angles and bond lengths,
the structure of the sulfenyl radical is very similar to that of the
corresponding 2-pyrimidenethiol. For example, the C2-S7 bond
lengths in the thiols are near 1.765 Å, and in the sulfenyl radicals
they are near 1.760 Å. Thus, a significant portion of the single
bond character of the C2-S7 bond is maintained in going from
the thiol to the sulfenyl radical. The positions of the inductive
electron releasing methyl groups (σm ) -0.07, σp ) -0.17)
do not significantly alter the carbon sulfur bond lengths. The
sulfanyl group (σm ) 0.25,σp ) 0.15) and the 2-pyrimidinyl
group (σI ) 0.23, σp ) 0.53) are electron attracting substitu-
ents.84

The sulfur atom in the sulfenyl radical is electron deficient
and shares its unpaired electron with the ring via overlap of the
2p orbitals of carbon and the 3p orbitals of sulfur. The resonance
structures in Scheme 2 symbolize the delocalization (sharing)
of the unpaired electron. The small electron delocalization of
the unpaired electron in the 2-thiopyrimidinyl radicals is similar
to that observed for the thiophenoxy radical and the 2-thiopyridyl
radical. Additional evidence of the small delocalization is seen
in a comparison of the MP2/6-31+G(d,p) computed geometrical
parameters for the 2-pyrimidinethiols (Figure 5) and the
respective sulfenyl radicals (Figure 11). Table 3, Tables SI-1,
SI-2, and SI-3 in the Supporting Information, and Figure 11
give partial atomic charges for 2-pyrimidinethiols (1), (3), and
(5) and the corresponding 2-pyrimidinyl (19), 4-methyl-2-

pyrimidinyl (20), and 5-methyl-2-pyrimidinyl (21) sulfenyl
radicals. It is seen in tables that only the NBO and the Mulliken
schemes predict partial positive charges on the sulfur atoms in
the three radicals (19), (20), and (21). Unlike the 2-pyrimidi-
nethiols (1, 3, 5), the predicted charges on the two nitrogen
atoms in each sulfenyl radical are equal. The partial atomic
charges on N1 and N3 in the sulfenyl radicals are about 0.1
unit more positive than those in the 2-pyrimidinethiols:-0.72
versus -0.84 (CHELPG) and-0.69 versus-0.79 (MKS,
Scheme 2).

The CBS-QB3 predicted energy difference [Erel ) E(radical)
+ E(H•) - E(thiol)] between the 2-pyrimidinyl radical and
2-pyrimidinethiol is 89.21 kcal/mol. It is seen in Table 6 that
the value ofErel is not very sensitive to the presence of the
methyl groups on the heteroaromatic ring. It is also seen in Table
6 that CBS-QB3, CBS-Q, and CBS-4M predict similar values
of Erel for the four 2-pyrimidinethiols (1, 3a, 5, 7) and their
respective sulfenyl radicals (19, 20, 21, 22) while the hybrid
density functionals predict similar but slightly larger values.

Structures of Disulfides

B3PW91/6-31+G(d,p) predicts bis(4-methyl-2-pyrimidinyl)
disulfide (10) to be 8.31 kcal/mol lower in energy than bis(5-
methyl-2-pyrimidinyl) disulfide (11). In disulfide steric argu-
ments predict that the preferred conformation should have a
C-S-S-C dihedral angle of 180°. However, owing in part to
orbital interactions and to interatomic repulsive interactions
between sulfur lone pairs, the conformational preferences of
many disulfides have C-S-S-C torsion angles around 90° with
the disulfide linkage being approximately gauche. In the gauche
conformation the disulfides possess chirality that leads to
enantiomers or disastereomers. Although the crystal structures
of many organic disulfides are known, structures of heteroaro-
matic disulfides are less common. The crystal structures of bis-

TABLE 7: Comparison of Experimental and B3PW91/6-31+G(d,p) Calculated Geometric Parameters for Bis(2-pyrimidinyl)
Disulfides (9, 10, 11, 12)

9 10 11 12

parameter calcd X-raya X-rayb calcd calcd calcd X-rayc

bond length
N1-C2 1.328 1.348 1.337 1.336 1.326 1.325 1.324
N1-C6 1.336 1.337 1.332 1.333 1.336 1.342 1.347
C2-N3 1.336 1.326 1.318 1.325 1.336 1.333 1.327
C2-S7 1.785 1.782 1.781 1.787 1.786 1.788 1.782
S7-S7′ 2.048 2.017 2.016 2.048 2.047 2.049 2.017
S7′-C2′ 1.785 1.786 1.787 1.786 1.788 1.783
N3-C4 1.333 1.326 1.342 1.342 1.331 1.339 1.344
C4-H4 (Me) 1.088 0.95 1.499 1.090 1.500 1.491
C4-C5 1.394 1.385 1.370 1.398 1.400 1.398 1.376
C5-H5(Me) 1.064 0.96 1.085 1.501 1.085
C5-C6 1.392 1.371 1.365 1.392 1.396 1.396 1.372
C6-H6 (Me) 1.089 0.92 1.089 1.090 1.499 1.501

bond angle
N1-C2-N3 127.6 128.2 128.1 127.8 127.1 128.0 129.0
N1-C2-S7 120.8 121.5 110.6 111.4 112.2 120.7 120.8
N1-C6-C5 122.6 122.9 122.1 122.6 123.6 121.0 121.5
C2-N1-C6 115.6 114.3 115.4 115.1 115.6 116.0 114.6
C2-N3-C4 115.7 114.7 114.5 116.7 115.8 116.2 115.2
C2-S7-S7′ 104.6 105.2 104.8 104.7 104.7 104.8 105.2
C2′-S7′-S7 104.6 105.2 104.7 104.7 104.8 105.8
N3-C2-S7 111.6 110.2 121.4 120.8 111.7 111.3 110.2
N3-C4-C5 122.4 123.8 122.8 120.8 123.3 120.8 120.8
C4-C5-C6 116.2 116.1 117.2 117.1 114.5 118.0 118.9

torsion angle
N1-C2-S7-S7′ -6.5 2.53 -174.1 -174.5 7.1 5.6 178.2
N3′-C2′-S7′-S7 174.2 0.29 -178.3 6.1 -173.7 -174.9 -0.7
C2-S7-S7′-C2′ 82.0 83.9 -82.5 -83.2 -83.2 -83.0 94.9

a Reference 24d.b References 24a, 24b, bis(2-pyrimidinyl) disulfide dihydrate.c Reference 27.
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(2-pyrimidinyl) disulfide (9),24 bis(2-pyrimidinyl) disulfide
dihydrate,24 and bis(4,6-dimethyl-2-pyrimidinyl) disulfide (12)27

have been reported. The B3PW91/6-31+G(d,p) calculated
geometrical parameters for disulfides (9) and (12) are in
excellent agreement with their X-ray crystal data (Table 7). The
calculated and the experimental C-S-S bond angles in the
disulfides are near 105°. B3PW91/6-31+G(d,p) predicts the
C-S-S-C torsion angles in disulfides (9), (10), (11), and (12)
to be 82.0°, -83.2°, -83.2°, and-83.0°, respectively, (Figure
12). The X-ray values24a,24bfor the C-S-S-C torsion angle
in disulfide (9) and its dihydrate are 83.9° and 82.5°, and for
disulfide (12) it is 94.9°.27

The crystal structure of bis(2-pyrimidinyl) disulfide dihydrate
is unusual for a disulfide owing to the presence of water
molecules, and it has an eclipsed conformation with the
pyrimidinyl rings. Bis(2-pyrimidinyl) disulfide (9) crystallizes
to a structure with two crystallographically nonequivalent
molecules. The four pyrimidine rings are planar and have similar
bond angles and bond lengths. There are several contacts in

the crystal structure between ring nitrogen lone pairs and ring
hydrogens. The packing of the molecules in the crystal of
2-pyridinethiol has two molecules linked to each other by two
bent N-H-S hydrogen bonds through a crystallographic center
of symmetry. The calculated N-C-S-S torsion angles (175°
and 6°) in disulfides (9), (10), (11), and (12) are very similar.
The pyrimidine rings in the solid disulfide (12) are almost
perpendicular with a dihedral angle of 96.9°. The N-C-S-S
torsion angles in the crystal structure of disulfide (12) are 178.2°
and -0.7°, showing that the sulfur atoms and the pyrimidine
rings to which they are attached are coplanar.27

The calculated and experimental C-S bond lengths of the
disulfides (9, 10, 11, 12) are near 1.786 Å and are close to the
values found in the 2-pyrimidinethiols (1, 3, 5, 7, Figure 5),
2-pyridyl disulfide (1.785 Å),82 diphenyl disulfide (1.788 Å),83

and other organic disulfides. These C-S bond lengths in the
disulfides are longer than the predicted CdS bonds in the
2-pyrimidinethiones (2, 4, 6, 8) and 2-pyridinethione (1.698 Å).82

This suggests that there is little or noπ electron delocalization
between the ring and the disulfide group. The S-S bond length
in each of the disulfides (9), (10), (11), and (12) is 2.048 Å,
which is close to the value in the crystal structure and longer
than that in crystalline 2-pyridine disulfide (2.016 Å) and in
solid diphenyl disufide (2.023 Å).

Conclusions

The methods and basis sets used in this study predicted
consistent and accurate electronic energies and structures for a
wide range of compounds with important sulfur containing
functional groups including thiols, thiones, disulfides, sulfenyl
radicals, thiol dimers, thione dimers, and transition states at
reasonable computational costs. The less polar 2-pyrimidinethiol
is lower in energy than its 2-pyrimidinethione tautomer in the
gas phase. CBS-QB3, CBS-Q, CCD, CCSD, QCISD, and MP2,
predict similar values for the energy difference (Erel) between
respective tautomers. The hybrid density functionals (B3LYP,
B3P86, B3PW91, MPW1PW91) predict smaller values forErel

between tautomers than any of the other models used in this
study. Increasing the number of methyl groups at positions 4
and 6 on the 2-pyrimidinethiol ring lowers the energy difference
(Erel) between tautomers. CBS-4M predicts the 2-pyrimidinethiol
dimer (13) to be 5.52 and 4.12 kcal/mol, respectively, lower in
energy than the isomeric thione dimer (14) and heterodimer (15).
The intramolecular four center transition states (TS1) for the
tautomerization of 2-pyrimidinethiols (1, 3a, 3b, 5, 7) in the
gas phase have higher activation barriers than the pathways
involving dimers and dimer transition states. The anodic
oxidation of the 2-pyrimidinethiols at an applied potential under
a dinitrogen atmosphere gave only disulfides that were easily
separated and purified. Dimers, dimer transition states, and
sulfenyl radicals are also involved in the electrochemical
oxidation of the 2-pyrimidinethiols. Small electron delocalization
(resonance) is observed in the sulfenyl radicals. Among the five
schemes explored for predicting partial atomic charges, the
Mulliken computed charges deviate the most from the other
four schemes and CHELPG and MKS computed the most
consistent charges irrespective of the level of theory used in
this study.

Supporting Information Available: Experimental details
and spectral data for the disulfides and tables of partial atomic
charges. This information is available free of charge via the
Internet at http://pubs.acs.org.

Figure 12. B3PW91/6-31+G(d,p) optimized structures for bis(2-
pyrimidinyl) disulfides (9), (10), (11), and (12).
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