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The tautomeric forms of 4,6-dimethyl-2-mercaptopyrimidine in solution were examined. Experimental support
for the existence of the tautomeric forms of this molecule was provided by infrared (FTIR), ultraviolet (UV),
and nuclear magnetic resonance (NMR) techniques. Density functional theory (DFT) calculations allowed us
to elucidate these molecular structures. The vibrational and electronic spectra, as well as the1H and 13C
chemical shifts, were satisfactorily described by DFT theoretical calculations. The potential of the DFT
methodology was confirmed by prediction of a band at 2706 cm-1, associated with the stretching vibration
of -SH group, which did not appear in the experimental spectrum because it was overshadowed by the
symmetric and antisymmetric vibration modes of-CH3 groups. The existence of the tautomeric thiol-
thione equilibrium of 4,6-dimethyl-2-mercaptopyrimidine with the thione structure dominating in polar solvents
(CH3OH and DMSO-d6) and the thiol structure in apolar media (cyclohexane) has been demonstrated.

Introduction

Owing to their many fields of application, mercaptopyrim-
idines have been widely studied over the past few years.1 The
chemistry of mercaptopyrimidines that incorporate both S and
N atoms in their structure is rich because these compounds can
coordinate as monodentate ligands2 and more frequently as
polydentate ligands either to a single metal center, acting as a
chelating ligand,3,4 or to several metal centers as a bridging
ligand.5 These compounds exhibit tautomeric equilibrium
between the thiol (>C-SH) and thione (>CdS) as a conse-
quence of the highly mobile protons that they possess (Figure
1).6-9 The predominant form largely depends on the state and
conditions of the molecule. Thus, from X-ray diffraction, it has
been demonstrated that 2-mercaptopyridine exhibits a predomi-
nant thione form in the solid state, although it can also develop
dimeric structures through hydrogen bridges.9-11 However, in
liquid phase, there are several additional factors involved in the
shift of tautomeric equilibrium. Among these, the solvent,
temperature, pH, and concentration remain prominent.12 Thus,
it has been demonstrated by means of UV spectroscopy that
the thione predominates over the thiol form and dimer formation
can be shifted toward the thiol form by increasing the temper-
ature or by decreasing the concentration in an apolar solvent.8

NMR studies also provide evidence concerning the predomi-
nance of the thione structure; inclusively, the prototropic
interconversion between the tautomers has been reported.13

Infrared is another valuable instrument to investigate the
chemical structure of these compounds and derivatives and has
allowed several experiments to be performed the results of which
allow full interpretation of their vibrational spectra.14,15

These compounds belong to a class of reagents that are very
useful in organic synthesis because they offer the possibility of
investigating alternative routes to conventional processes,

specifically that involving nucleophilic substitutions.16 However,
their full potential is beyond the scope of this article because
they have found numerous applications in organometallic
chemistry.1,2,5,17-19 The principal interest in these organometallic
complexes in not only from the descriptive but also from the
practical point of view because they have been used in quite
varied applications such as in biochemistry, medicine, or
catalysis. Thus, zinc and tin complexes have been described as
polyolefin stabilizers. Zinc 2-mercaptopyridinium oxide has
bacteriostatic, antifungal, and antiseborrheic properties,20 and
the Pt-2-mercaptopyrimidine complex exhibits antitumoral
activity.21 Quite different applications are found in the field of
catalysis, and particularly attractive in this sense are the
epoxidation of primary alkenes with molybdenum complexes
containing 4,6-dimethyl-2-mercaptopyrimidine22 or hydrofor-
mylation reactions with rhodium or iridium complexes.23,24 In
all of these structures, the nature of the resulting coordination
compounds appears to be influenced by the tautomeric form of
the ligand molecules that result in the formation of chelated
compounds with a coordination of 4, 5, or 6.18,19

In light of the preceding, the present work was undertaken
with the aim of studying the tautomeric forms of the 4,6-
dimethyl-2-mercaptopyrimidine compound as a previous step
to understanding the structure of its complexes with transition
metals. Experimental support for the existence of the tautomeric
forms of this molecule was gained from infrared (FTIR),
ultraviolet (UV), and nuclear magnetic resonance (NMR)
techniques. Further insight into the molecular structures was
provided by theoretical calculations using the density functional
theory (DFT) approach.

Experimental Section

FTIR spectra were recorded with a resolution of 4 cm-1 on
a Nicolet 510 FT-IR spectrophotometer, using KBr wafers
containing 1% of the sample. NMR spectra were acquired with
a Bruker DRX-500 equipment, and the samples were dissolved
in DMSO-d6. UV-vis spectra were obtained on a Shimadzu
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UV 2100 spectrophotometer, using methanol and cyclohexane
solutions containing 1% of the samples.

Computational Methods.Calculations were performed with
the Gaussian 98, A.10 version, suite of programs.25 Full
geometry optimizations of the thiol and thione structures (Figure
1) were performed using Berny’s optimization algorithm
(calculating the energy derivatives with respect to nuclear
coordinates analytically).26 In both cases, the gradient-corrected
density functional methodology was employed: Becke’s ex-
change functional (B)27 and Becke’s three-parameter adiabatic
connection (B3) hybrid28 exchange functional were used in
combination with the Lee-Yang-Parr correlation functional.29

In all cases, the standard 6-31G** basis set of DZP quality was
used for orbital expansion to solve the Kohn-Sham equations.
Subsequently, the harmonic vibrational frequencies and IR
intensities were calculated at the same level of theory. To avoid
systemic errors in calculated frequencies, computed frequencies
have been scaled.30

1H and13C magnetic shielding tensors (ø) of DFT-optimized
structures of 9-acridinones, and TMS as reference, were obtained
following the gauge-including atomic orbital (GIAO) approach
at the DFT level.31-33 To compare isotropic shieldings with the
experimentally observed chemical shifts, the NMR parameters
for TMS (tetramethylsilane) were calculated and used as the
reference molecule.

Photophysical properties were calculated using time-depend-
ent density functional theory (TD-DFT)34 with 6-31G** basis
set. TD-DFT generalizes density functional theory to a time-
dependent situation in which a system is subjected to a time-
dependent perturbation, which modifies its external potential.
In Khon-Sham formalism, time-dependent Khon-Sham equa-
tions can be derived by assuming the existence of an effective
potential for an independent particle model of which the orbital
gives the same density as that of the interacting system. In
response theory, transition energies and oscillator strengths can
be determined from the response of the charge density to a
perturbation.

Results and Discussion

The energy of the two tautomers in an apolar (cyclohexane)
and another polar (methanol) solvent was calculated by DFT.
While the energy calculations for gas-phase species indicated
that the thiol structure is the most stable species (∆E ) 7.9
kJ/mol), energy values became very close to each other (∆E <
0.25 kJ/mol) once a solvent such as cyclohexane was included

in calculations. This result points to the coexistence of the two
species of the tautomeric equilibrium. Indeed, it was clearly
stated that the thione structure is much more stable (∆E ) 23.8
kJ/mol) in a polar medium, which agrees with literature
findings.8,9

The infrared spectrum of a 4,6-dimethyl-2-mercaptopyrimi-
dine sample diluted in potassium bromide revealed the char-
acteristic vibration bands of this compound (Figure 2). The
assignments of the different bands of this compound are shown
in Table 1. A broad band at 3450 cm-1 could be attributed to
υ(N-H) interacting with residual water in the IR wafer. The
bands at 3185 and 3140 cm-1 belong toυ(C-H) vibration.35

The band at 461 cm-1 is attributed toυ(CdS) andâ(CdS)
vibrations.35 Because intermolecular interactions are expected
to occur, it is likely that hydrogen bridges will be developed.
Thus, the band at 2835 cm-1 should be attributed to the
υ(NH‚‚‚S) interaction.36 A weak band observed at 1728 cm-1

could be responsible for the SCN group.14 The vibration of the
NHCdS group shows peaks at 1225 and 1188 cm-1.16 The
bands at 1624 and 1565 cm-1 are assigned toυ(CdC) +
υ(CdN) vibrations.16 Finally, theυ(NdC) vibration gives rise
to a band at 1437 cm-1, which also contains theδ(CH) + δ(NH)
deformation.21 It should be stressed that all of the above bands
are typical of the thione structure and in no case could bands
of the thiol group be discerned. In any case, if present, they

Figure 1. Optimized geometry of the tautomeric species of 4,6-dimethyl-2-mercaptopyrimidine: (a) thiol; (b) thione.

Figure 2. Experimental FTIR spectrum of the solid 4,6-dimethyl-2-
mercaptopyrimidine sample.
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would be overshadowed by those of the thione. The rest of the
bands (Table 1) are associated with methyl groups and aromatic
ring vibrations. Thus, the infrared spectra provide experimental
evidence that thione is the dominant species in the solid state,
in agreement with earlier reports in the literature.8,9,14

DFT calculations aimed at describing the vibrational structure
of the two tautomeric species point to good agreement with the
experimental infrared spectra, as shown in Table 1. The wave-
numbers of the characteristic infrared bands described above
fit those predicted by the theoretical model fairly well. Ad-
ditionally, the DFT calculations provide some interesting clues
that initially could not be gained from inspection of the
experimental infrared spectra. An example illustrating the
potential of the DFT calculations is the prediction of a band at
2706 cm-1 attributed to the stretching vibration of-SH group
that did not appear in the experimental spectra because it was
overshadowed by the symmetric and antisymmetric vibration
modes of-CH3 groups.

UV-vis spectra of the sample dissolved in methanol and in
cyclohexane are compared in Figure 3. The electronic spectra
of the sample in methanol exhibited three bands at 217, 289,
and 355 nm and changed substantially when cyclohexane was
used. In the latter case, a major band at 238 nm and two weaker
ones at 213 and 275 nm were clearly distinguished. As
documented in the literature and in agreement with the DFT
calculations, bands at 215, 280, and 355 nm correspond to the

thione form (Table 2),8 while that at 238 nm is attributed to the
thiol form (Table 2).8 These observations demonstrate that the
tautomeric thione structure is favored in polar solvents, while
the thiol structure dominates in apolar media.9

TD-DFT calculations aimed at studying the electronic struc-
ture and possible UV-vis transitions of the tautomer provided
additional support for the stability of both molecules in different
solvents. For this purpose, the stability of each tautomer was
examined in the solvents methanol (polar) and cyclohexane
(apolar) with a view to investigating the effect of polarity on
the equilibrium of both tautomers in liquid phase. The DFT
calculations again indicated good agreement with the experi-
mentally detected wavelengths of the electronic transitions of
4,6-dimethyl-2-mercaptopyrimidine in these two solvents (Table
2). The characteristic electronic transitions of each of the
tautomers show that the thione structure dominates in polar
solvents while the thiol form is the major species in apolar
solvents. The orbitals involved in these transitions are depicted
in Figures 4 and 5. In the case of thiol, only a single band
corresponding to aπ f π* type transition is present, HOMO
and LUMO+1 being the only orbitals involved in such a
transition. In the case of the thione, the three bands correspond-
ing to aπ f π* type transition are observed, the most intense
thione band involving HOMO-1, and LUMO, and LUMO+1.
We did not observe differences in the calculated energy of the
characteristic electronic transitions of each tautomer using
different solvents (methanol or cyclohexane); thus, the experi-
mental observation of the change in the UV-vis spectrum
should be due to a change in the population of the thiol and
thione forms.

The1H NMR spectra of 4,6-dimethyl-2-mercaptopyrimidine
in DMSO-d6 are shown in Table 3. To facilitate band identifica-
tion, the atoms are clearly labeled in Figure 6. The sample in
liquid DMSO-d6 exhibited a broad band atδ ) 13.45 ppm,
characteristic of N-H bonds, while that of S-H was broad and
weak due to the low proportion of the thiol form and hence
cannot be discerned. However, proton signals in the para position
at 6.95 ppm for the thiol form and at 6.52 ppm for the thione
form, the latter being much more intense, can be appreciated.
The 1H signal of the methyl groups depends on each of the
tautomeric forms. Thus, characteristic features at+2.25 and
+2.20 ppm, the latter more intense than the former, are observed
for the thiol and thione structures, respectively. These data
provide additional support that the thione form dominates in
the polar solvent.13 A rough estimation of the proportion of the

TABLE 1: Assignment of IR Bands of Solid Sample

vibration
exptl

band, cm-1
thione

(DFT), cm-1
thiol

(DFT), cm-1

υ(N-H) 3450 w 3582
υ(C-H)asym 3185m, 3140m 3115, 3142 3107, 3163
υ(C-H)sym 3030-2920s

several bands
3056, 3070 3049

υ(NH‚‚‚S) 2835m
SCN group 1728w 1684
υ(CdC) + υ(CdN) 1624vs, 1565vs 1637, 1541 1624, 1598
υ(NdC) + δ(CH)

+ δ(NH)
1437s 1472 1445

CH3 sym def 1380m, 1360m 1372 1378
υ(CdS) in NHCdS 1225vs, 1188s 1226, 1173 1304, 1297
CH3 rocking 1032m, 952m 1096 1029
ring stretching,

â(N-H)
980s 970

γ(N-H) 850s 828
υ(CdS),â(CdS) 461s 482

Figure 3. UV-vis spectra of 4,6-dimethyl-2-mercaptopyrimidine in
different solvents.

TABLE 2: Experimental and DFT-Calculated UV -vis
Spectra of the Sample

exptl band, nm DFT, nm

methanol cyclohexane thione thiol

216 213 201
288 275 267
354 378

238 233

TABLE 3: Experimental and DFT-Calculated 1H NMR
Spectra of the Sample in DMSO Solvent

chemical shift
δ (DFT), ppm

atom signal
chemical shift

δ, ppm intensity thione thiol

Ha S 13.45 0.15 8.49
HbdHc S 2.20 12.50 2.1
Hd S 6.52 3.36 5.68
HfdHg S 2.25 1.28 2.1
Hh S 6.94 0.18 6.47
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two tautomers was obtained by integrating the experimental
proton signals, showing 95% for the thione and only 5% for
the thiol form.

13C NMR spectra also provided valuable information con-
cerning the nature and abundance of each tautomer in solution.
The 13C NMR spectra of 4,6-dimethyl-2-mercaptopyrimidine
in DMSO-d6 are shown in Table 4. A peak characterized by its
chemical shift atδ ) +181.77 ppm arising from carbon atom
C(1) is much intense than that of carbon atom C(1′) of the thiol

structure. A similar trend is observed for the signals of carbon
atoms C(4) and C(4′). Unfortunately, the carbon atoms of the
methyl groups are not well resolved, and only a broad
component atδ ) +22 ppm can be discerned. These observa-
tions agree with the information drawn from the1H NMR
spectra and confirm the existence of tautomeric thiol-thione
equilibrium with the thione structure dominating in polar
solvents.13

Tables 3 and 4 summarize the experimental and DFT-
simulated NMR spectra of the two tautomer forms of the 4,6-
dimethyl-2-mercaptopirimidine molecule. Scrutiny of the data
offered in these tables clearly reveals that the experimental1H
and 13C chemical shifts are consistent with those calculated
theoretically. Some discrepancies are seen, however, in the case
of the thione proton Ha in which the effect of the solvent is
greater. Additional DFT calculations using different solvents
are currently in progress in an attempt to explain the observed
chemical shifts in the NMR spectra.

It should be noted that the tautomeric thione-thiol equilib-
rium in N-containing heterocycles has long been investigated

Figure 4. Molecular orbitals involved in the electronic transitions for the thione tautomer: (a) HOMO-1; (b) LUMO; (c) LUMO+1.

TABLE 4: Experimental and DFT-Calculated 13C NMR
Spectra of the Sample in DMSO Solvent

chemical shift
δ (DFT), ppm

atom
chemical shift

δ, ppm intensity thione thiol

C(1) 181.77 12.50 178.2
C(2) 159.37 0.10 151.8
C(4) 110.62 6.24 97.45
C(1′) 168.51 0.99 170.4
C(2′) 162.51 0.08 158.2
C(4′) 118.49 0.20 107.2
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from the experimental point of view;9 most specifically for the
case of 2-mercaptopyrimidine. This knowledge allowed us not
only to combine an experimental methodology with the ex-
tremely useful contribution of theoretical study provided by DFT
methodology but also to investigate the 4,6-dimethyl-2-mer-
captopyrimidine molecule itself, for which no previous analysis
has been achieved using DFT analysis. From the data compiled
in the present study, it is clear that a close similarity exists
between the results derived from computational methods (DFT)
and those obtained by experimental techniques. This parallelism
emphasizes the usefulness of theoretical calculations to predict
and describe the experimental observations during the tautomeric
equilibrium of 4,6-dimethyl-2-mercaptopyrimidine. Thus, the
number and type of signals observed with FTIR, UV-vis, and
NMR spectroscopic techniques could be unambiguously as-
signed. This confirms the potential of advanced computational
DFT methods for the identification and characterization of
chemical structures along the study with experimental spectro-
scopic techniques. It has been reliably confirmed that the thione
form dominates in the solid state (Table 1), together with the
great importance of the polarity of the solvent in shifting the
tautomeric equilibrium, thione being the dominant species in
polar solvents (methanol and DMSO-d6) and the thiole structure
in apolar media (cyclohexane).

Conclusions

The tautomeric forms of the 4,6-dimethyl-2-mercaptopy-
rimidine compound were revealed by infrared (FTIR), ultraviolet
(UV), and nuclear magnetic resonance (NMR) techniques.
Density functional theory (DFT) calculations allowed us to
elucidate these molecular structures. DFT calculations aimed
at describing the vibrational structure of the two tautomeric
species fit fairly well with the experimental infrared spectra, as
shown in Table 1. The potential of the DFT methodology was
confirmed by prediction of a band at 2706 cm-1, associated

with the stretching vibration of-SH group, which did not
appear in the experimental spectrum because it was overshad-
owed by the symmetric and antisymmetric vibration modes of
-CH3 groups. Similarly, DFT calculations again indicated good
agreement with the experimentally detected wavelengths of the
electronic transitions in the two solvents, the thione structure
dominating in polar solvents (CH3OH and DMSO-d6) and the
thiol form in apolar (cyclohexane) medium. In line with the
above, the experimental1H and13C chemical shifts are consistent
with those predicted by the theoretical model. Some discrep-
ancies are seen, however, in the case of the thione proton Ha,
in which the effect of the solvent is greater.
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