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ilic substitution, occurring on the sulfur atom of 4-methyl-1,2,4-
leads to the formation of the N—C bond rather than the S—C bond.

The mechanism of this reaction has been characterized theoretically. Calculations indicate that the reaction proceeds
via a cyclic transition state involving one solvent molecule with the Gibbs free activation energy of only 2 kcal/mol.
The alternative pathway that leads to the S—C bond formation is about 5 kcal/mol more energetically demanding.
Copyright # 2007 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley InterScience at http://www.mrw.interscience.
wiley.com/suppmat/0894-3230/suppmat/
KEYWORDS: 1,2,4-triazole; tautomerization; DFT; theoretical calculations
INTRODUCTION

1,2,4-Triazole and its derivatives constitute an important
class of organic compounds with diverse biological acti-
vities, such as anticonvulsant, antidepressant, anti-inflam-
matory, antitumor, analgesic, antiviral, and antibacterial.1

Therefore, some of them are approved as drugs, for
example, alprazolam,2 etizolam,3 or vibrunazole.4

Recently, much attention has been focused on derivatives
of 1,2,4-triazole because of their fungicidal activities.
They are also used as intermediates for the synthesis of
antifungal agents such as fluconazole, voriconazole, and
itraconazole.5 Because of the continuing interest in the
biological activity of these compounds, we have
synthesized new analogs with promising pharmacological
activity.6,7 Following a literature report8 indicating that
the substitution proceeds via the nucleophilic attack of the
sulfur atom, as illustrated in Scheme 1, we have reacted
4-methyl-1,2,4-triazol-3-thiole (SSH) with formalin at 25
8C. Formalin is an aqueous solution in which the
predominant form is the mono-hydrate, CH2(OH)2,9 that
is, however, unreactive, and it is free formaldehyde,
present in smaller quantity, that is the reactive species.
Thus, we consider that reactions under consideration here
proceed with formaldehyde, the abundance of which is
maintained in solution via rapid equilibrium with formol.
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Under our experimental conditions, N1-hydroxymethyl-
4-methyl-1,2,4-triazol-5-thione (PNC in Scheme 2) turned
out to be the sole product. While similar reaction out-
comes has been observed in 2-mercaptoimidazoles react-
ing with carbonyl groups,10 to the best of our knowledge
its mechanism has not been addressed. Furthermore,
despite extensive studies of 1-methyl-2-mercaptoimida-
zole and 1-methylimidazole-2-thione chemistry their
tautomeric equilibrium has not been determined con-
clusively,11 and they are frequently referred to collec-
tively as methimazole.

We present theoretical calculations that explain
1,2,4-triazol-3-thiole reactivity and provide details of
the corresponding transition state that leads to the
N-substituted derivative. It is shown that this reaction
is dominating because its activation energy is a few kcal/
mol lower than that of the water-mediated tautomeriza-
tion that leads to the nitrogen-protonated form, which is
required for the reaction that leads to the S-substituted
product.
RESULTS AND DISCUSSION

All calculations have been carried out at the density
functional theory (DFT) level using B3LYP functional.12

All geometries were initially optimized in the gas phase,
but since experimentally the reaction was carried out in
formalin, gas-phase geometries were reoptimized in
solution as approximated by the PCM implicit solvent
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Scheme 1.

1044 M. WUJEC AND P. PANETH
model with UFF radii on all atoms (including hydrogen
atoms) and with parameters for water.13 It has been shown
that the dielectric properties of the formalin solution are
close to that of pure water.14 Although both geometries
and relative energies are not notably perturbed by the
introduction of the solvent model, we are discussing
results obtained with the PCM solvent model included.

The substrate, 1,2,4-triazol-3-thiole, can exist in either
the thiole form, or N-protonated tautomeric forms, as
shown in Scheme 3. We will refer to the most stable of the
N-protonated forms as the thione form, SNH.

Thus, the first problem that has to be solved is to
determine, which of these forms is present under our
reaction conditions. Theoretical calculations for this
(results presented herein) and similar systems11b indicate
that the thione form SNH is more stable than SSH by about
10 kcal/mol. These calculations are in agreement with the
experimental observation that the thione form is
predominantly observed in crystals. Also 1,2,4-triazol-
3-thiole crystallizes from water in the thione form.15 The
commercial substrate that has been used, however, is
reported to be the SSH tautomer based on IR and Raman
spectra. Since these spectra are not fully conclusive, we
have carried out NMR analysis. 1H, 13C, 15N, and 2D
1H–15N correlation NMR spectra provided evidence that
the broad signal at 13.4 ppm is not that of the proton
attached to any of the nitrogen atoms upon dissolution of
this reactant in DMSO or in water/methanol (1:1 vol.).
All signals in the 15N spectrum were identified and
showed coupling constants of less than 13 Hz (as des-
cribed in section Experimental Methods), which indi-
cates16 the absence of the N—H bond. However, after
several days the spectra changed; the coupling constant of
Scheme 2.

Scheme

Copyright # 2007 John Wiley & Sons, Ltd.
the 15N signal at 204.9 ppm changed to 107.0 Hz and the
signal at 13.4 ppm in the proton spectra became sharp.
Proton-decoupled 15N spectrum confirmed the signal at
204.9 ppm to be a doublet and not two singlet signals of
similar chemical shift. The 13C spectrum showed a signal
at 166.5 ppm, which is characteristic for the C——S bond.
These observations together indicated that the tautomer-
ization occurred in the sample and that the only form
present is now the SNH tautomer. This suggests that, under
our experimental conditions (as described in Experimen-
tal Methods, Reaction conditions), only the thiole form
SSH is present in the solution.

Several mechanistic scenarios have been considered.
The simplest mechanism involves only the molecules of
the two reactants. The DFT-optimized structure of the
transition state corresponding to the reaction given in
Scheme 2 (TSSH-NC) is illustrated in Figure 1 and its main
geometric and energetic features are collected in Table 1.
It is characterized by one imaginary frequency of
229.3i cm�1 that corresponds predominantly to the
motion of the triazole nitrogen atom and formaldehyde
carbon atom that leads to the formation of the new bond.
The other main contribution to this vibration comes from
the proton transfer between sulfur and oxygen atoms.
Gibbs free activation energy corresponding to this
transition state is equal to only 3.1 kcal/mol. The long
bond distance between the nitrogen atom and formal-
dehyde carbon atom and especially much longer O—H
distance compared to S—H distance, in terms of the More
O’Ferrall–Albery-Jencks reaction coordinate diagram
indicate that it is a very early transition state.17

A reaction route competitive to that shown in Scheme 2
consists of tautomerization to the N-protonated form
followed by the reaction leading to the formation of the
S—C bond, as presented in Scheme 4. We have studied
theoretically both steps of this route. The first step can
proceed either intermolecularly or with the involvement
of water molecule(s). The Gibbs free energy of activation
for the intramolecular tautomerization (via TSSH-NH not
shown) exceeds 33 kcal/mol and therefore this mechan-
ism has not been included in the considerations (although
this intramolecular mechanism of proton transfer can
operate in nonaqueous, aprotic solution of the reactant
SSH as implied by the NMR results). The transition state
for the tautomerization pathway that involves one water
molecule (TSSHaqNH) is shown in Figure 1. Its imaginary
frequency of about 1021i cm�1 corresponds to simul-
taneous transfer of two protons: from the thiole group to
3.
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Figure 1. Transition state structures for the reaction given in Scheme 2 (TSSH-NC) and first (TSSHaqNH) and second (TSNH-SC)
steps of Scheme 4
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the water molecule, and from the water oxygen atom to
the nitrogen atom of triazole. The water molecule forms
with the N and S centers of the triazole a six-membered
ring via the protons in flight. Bond distances to these
protons indicate that the process is practically synchro-
nous.

Subsequent reaction of the N-protonated tautomer SNH
to the product with the S—C bond formed (PSC) proceeds
through a cyclic transition state analogous to that found
for the reaction given in Scheme 2. Its structure is
illustrated in Figure 1, while details of the main geo-
metrical parameters and Gibbs free energy of activation
Table 1. Bond distances (Å), valence and dihedral angles (8) o
structures, Gibbs free activation energies, and imaginary frequen

Coordinate/property T

N H
S H 1
Oa H 1
N C 1
S C
N H O
S H O 1
S C N C
S C N H
N C S C
N C S H �
C N H O
C S H O �
DG 6¼ (kcal/mol)
in6¼ (cm�1) 2

a Oxygen atom of water in case of TSSHaqNH and of formaldehyde in case of T

Scheme
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are given in the last column of Table 1. Unlike TSSH-NC,
the transition state TSNH-SC is characterized by an
imaginary frequency of the magnitude similar to that of
TSSHaqNH. Its analysis indicates that proton transfer
between nitrogen and oxygen atoms is the main con-
tributor to this vibration. The other significant component
comes from the movement of sulfur and formaldehyde
carbon atoms that close the ring by forming the new S—C
bond. The long S—C distance together with the longer
O—H than N—H bond indicates that this transition state
is closer to reactants than to the product (an early
transition state).
f atoms involved in six-member cycles of transition state
cies

SSH-NC TSSHaqNH TSNH-SC

— 1.613 1.200
.380 1.660 —
.818 1.039(N)/1.221(S) 1.302
.919 — —
— — 2.109
— 146.7 151.2
50.7 157.9 —

4.95 — —
— �1.1 �6.1
— — �11.8
11.4 0.9 —
— 5.1 �2.5
10.5 �5.4 —
3.1 6.4 8.2
29.3 1021.1 1082.1

SSH-NC and TSNH-SC.

4.
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Figure 2. Transition state structures involving a solvent molecule for the reactions given in Scheme 2 (top left: TSSHaqNC) and
the second step of Scheme 4 (bottom right: TSNHaqSC), as well as TSNHaqNC (top right) and TSSHaqSC (bottom left)
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A similar mechanism that leads from the thiole reactant
to N—C containing product involves participation of a
solvent molecule. The optimized structure of the corres-
ponding transition state (TSSHaqNC) is illustrated in
Figure 2. The geometrical features of this transition state
are collected in Table 2. The Gibbs free activation energy
for this mechanism is only 1.9 kcal/mol, and, therefore,
Table 2. Bond distances (Å), valence and dihedral angles (8) of
structures, Gibbs free activation energies, and imaginary frequen

Coordinate/property TSSHaqNC

N H —
S H 1.384
Ca S 1.757
Ob H 1.007
Oc H 1.628
N C 1.922
S Cd —
N H Oc —
S H Oc 176.1
Ob H Oc 167.7
DG 6¼ (kcal/mol) 1.9
in 6¼ (cm�1) 194.6

a Carbon atom of the ring.
b Oxygen atom of formaldehyde.
c Oxygen atom of water.
d Carbon atom of formaldehyde.

Copyright # 2007 John Wiley & Sons, Ltd.
this reaction is more favorable than the reaction between
SSH and formaldehyde alone. Inclusion of one water
molecule in the transition state for the reaction leading
from the SNH tautomer to PSC product (TSNHaqSC) does
not alter significantly the barrier, which is equal to
8.4 kcal/mol. In agreement with the Hammond postulate,
TSSHaqNC is an early transition state: the Wiberg bond
atoms involved in eight-member cycles of transition state
cies

TSNHaqNC TSSHaqSC TSNHaqSC

1.721 — 1.212
— 2.034 —

1.709 1.747 1.741
1.019 1.032 1.280
1.314 1.352 1.253
2.164 — —

— 2.817 2.082
151.4 — 173.1

— 155.9 —
156.0 160.0 171.1
25.0 11.7 8.4

561.3 240.5 1164.9
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MECHANISM OF 1,2,4-TRIAZOLE WITH FORMALDEHYDE 1047
order18 of the breaking S—H bond is 0.85 while the bond
order of the forming N—C bond that closes the ring is
only 0.42, and bond orders in the relay that transfers
proton from the reactant to the oxygen atom of formal-
dehyde are 0.09, 0.60, and 0.12, respectively. Bond orders
of the breaking N—H bond and forming S—C bond in
TSNHaqSC, on the other hand, are 0.43 and 0.74,
respectively, indicating a late transition state. The proton
relay system in this transition structure is more balanced,
with bond orders equal to 0.30, 0.39, and 0.32 in the
direction toward the oxygen atom of formaldehyde.

In models considered thus far, the new bond to the
formaldehyde carbon is formed by the atom (nitrogen or
sulfur) which lacks the proton. However, it may be
envisioned that a protonated atom forms the new bond
with the carbon atom of formaldehyde. Again, such a
mechanism requires intervention of a solvent molecule.
We have identified two such transition states. The first
one, TSNHaqNC, corresponds to the reaction leading from
the SNH tautomer to the product containing a N—C bond
(PNC). Analogously, the second one (TSSHaqSC) corre-
sponds to the reaction from SSH to PSC. Both these
structures are characterized in Figure 2 and Table 2.

Finally, since thiolates are powerful nucleophiles, thus
one might expect that the thiolate of the reactant (SS-) may
compete with the protonated species for formaldehyde.
Although the 1,2,4-triazol-3-thiole system does not
deprotonate in water (the anion can only be obtained
upon treatment with a very strong base), we have
Figure 3. Gibbs free energy profile of reactions considered. Rel
energies are shown in red

Copyright # 2007 John Wiley & Sons, Ltd.
evaluated the energetics of such reaction (data not
shown). Gibbs free energy of activation for the reaction
between the thiolate and formaldehyde is 2.7 kcal/mol,
which again is higher than the reaction involving one
water molecule and neutral reactants.

The energetics of the reactions considered in the
present study that are relevant to reactivity observed
experimentally are presented in Figure 3. Reactants and
products shown in this figure for both addition reactions
were obtained by optimization of the end-points of the
IRC calculations19 starting fromTSSHaqNC andTSNHaqSC

transition structures. Thus in both cases the models
included triazole, formaldehyde, and water molecules. In
the studies of tautomerization, on the other hand, formal-
dehyde molecule was not included. The sum of Gibbs free
energies of formaldehyde and the binary triazole–water
complexes of tautomeric SSHaq and SNHaq forms are
within about 1.5 kcal/mol of the Gibbs free energies of the
corresponding ternary complexes SSHaq � H2CO and
SNHaq �H2CO. For clarity, these differences are omitted
in Figure 3 and indicated only by the discontinuity of the
corresponding energy levels.

The Gibbs free energy of activation for the first step of
the pathway given by Scheme 3, tautomerization of the
substrate, is 6.5 kcal/mol, that is, 4.6 kcal/mol larger than
for the competitive reaction that leads to the N—C bond
formation (Scheme 2). The Gibbs free energy of activa-
tion for the subsequent step, leading to PSC is 8.4 kcal/
mol. Thus for the reaction that originates in the thiole
ative energies (kcal/mol) are shown in black, and activation
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tautomer of the reactant, the kinetically preferred direc-
tion is toward the PNC product with the N—C bond
formed, as observed experimentally. Explicit inclusion of
one water molecule lowers the Gibbs free energy of
activation of the reaction of SSH in the experimentally
observed direction toward PNC by 1.2 kcal/mol. The same
direction of the reaction is favored in the thermodynamic
control since the Gibbs free energy difference between
SSH and PSC is 19.7 kcal/mol while between SSH and PNC

is 31.3 kcal/mol. Energy calculations with larger basis set
are reported in Figure 3 in parenthesis. They do not alter
the energetic landscape presented above.

In summary, we have shown computationally that in
agreement with experimental observations the reaction
between 4-methyl-1,2,4-triazol-3-thiole and formaldehyde
leads to N1-hydroxymethyl-4-methyl-1,2,4-triazol-5-thione.
This pathway is favored both kinetically, Gibbs free
energy of activation of only 1.9 kcal/mol, and thermo-
dynamically, Gibbs free energy difference of 31.3 kcal/
mol. The cyclic transition state for this reaction includes
both reactants and one explicit water molecule that is
involved in the proton relay system.
EXPERIMENTAL METHODS

Materials

4-Methyl-1,2,4-triazol-3-thiole and formaldehyde (37%)
were obtained from commercial supplier. The purity was
checked by TLC on Aluminum oxide 60 F254 plates
(Merck) in a CHCl3/C2H5OH (10:1 and 4:1) with UV
visualization. Melting points were determined in Fish-
er–Johns blocks. The results of elemental analyses for C,
H, and N were within �0.4% of the theoretical values.
1H, 13C, and 15N NMR spectra were recorded in DMSO-d6

and in the water/methanol mixture (1:1) at 303 K on a
spectrometer operated at 700.08 MHz for 1H NMR,
corresponding to 176.5 and 70.95 MHz for 13C and
15N nuclei, respectively. The nitrogen chemical shifts
were assigned on the basis of HMQC experiments.
1H NMR (DMSO) d 3.37 (s, 3H, CH3); 8.23 (d, 2H,
J¼ 7.5 Hz, CH); 13.41 (s, 1H, SH). 13C NMR (DMSO) d
31.5 (CH3), 142.6 (CH), 166.5 (C). 15N NMR (DMSO) d
168.6 (dq, J¼ 6.9, 2.0 Hz, N—CH3), 204.9 (d, J¼ 5.3 Hz,
N——C—SH), 278.3 (d, J¼ 13.3 Hz, N——CH).
Reaction conditions

4-Methyl-1,2,4-triazol-3-thiole (0.01 mole) and 0.01 mole
of formaldehyde solution (37%) were mixed and left at
room temperature (25 8C) for ½ h. The obtained product
was filtered, dried, and crystallized from ethanol. Yield
85%. M.p. 125–126 8C. C4H7N3OS¼ 145.184. 1H NMR
(DMSO) d 3.47 (s, 3H, CH3); 5.36 (d, 2H, J¼ 7.5 Hz,
CH2); 6.79 (t, 1H, J¼ 7.5 Hz, OH); 8.48 (s, 1H, CH).
Copyright # 2007 John Wiley & Sons, Ltd.
13C NMR (DMSO) d 32.1 (CH3), 70.5 (CH2), 141.5 (CH),
166.2 (C). 15N NMR (DMSO) d 169.9 (d, J¼ 8.1 Hz,
N—CH3), 206.3 (d, J¼ 5.6 Hz, N——C—SH), 279.5 (d,
J¼ 13.1 Hz, N——CH).

Computational methods

DFT calculations were performed. Geometry optimiz-
ation of reactants, transition states, and products was
carried out using the B3LYP functional12 and the standard
6-31þG(d,p) basis set20 as implemented in the Gaussian
03 package.21 All calculations were carried out using
default convergence criteria. Vibrational analysis was
performed for the optimized structures to confirm that
they represent stationary points on the potential energy
surfaces (3n-6 real normal modes of vibration for the
reactant and one imaginary frequency for the transition
state). Gas phase geometries were subsequently reopti-
mized using the same theory level and basis set, and the
PCM implicit solvent model with parameters correspond-
ing to water.13 Gibbs free energy values correspond to a
temperature of 298 K. ZPE contributions to energy
barriers were about �1.9 kcal/mol. UFF22 radii of all
atoms, including hydrogen atoms, were used in the cavity
building. For complexes including water molecules, once
the transition structures were optimized the IRC
protocol19 was used to identify reactants and products
of the corresponding reaction. Structures obtained from
these calculations were subsequently optimized to the
nearest stationary points and vibrational analysis was
used to confirm that they represent minima on the
potential energy surface. Energy calculations at the
B3LYP/6-311þþG(d,p) level23 do not introduce signifi-
cant changes to the profiles of the studied reactions. The
values from this theory level are given in Figure 3.

SUPPORT INFORMATION

Optimized geometries of the reactants, products, and
transition state structures are available online in Wiley
InterScience at http://www.mrw.interscience.wiley.com/
suppmat/0894-3230/suppmat/.
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