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ABSTRACT: While typically cyclodehydration of thiosemicarbazides in acidic media leads to 1,3,4-thiadiazoles, we
have recently shown that under reflux conditions in anhydrous acetic acid the cyclization yields an imidazolidine
derivative. The mechanism of this reaction has been characterized theoretically. Calculations indicate that this
direction, facilitated by the presence of the —CH2CO2— moiety in the N4 substituent is favored over the direction
leading toward the thiadiazole product. Formation of the C—N bond that closes the five-member ring appears to be
concerted with the departure of ethanol molecule, although the proton transfer from the nitrogen atom to oxygen atom
is much more advanced in the transition state. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Derivatives of 1,3,4-thiadiazoles are known to exhibit
antibacterial,1 antifungal,2 and anticonvulsant3 activities.
Therefore, new thiadiazoles have been synthesized in our
laboratory for a long time and their potential pharma-
cological activities have been investigated. Typically, the
compounds could be prepared by the intramolecular
dehydrative cyclization of 1,4-disubstituted thiosemicar-
bazides in acidic medium4 as presented in Scheme 1.

Therefore, it was expected that the same synthetic
procedures should be applicable to the synthesis of
5-(4-methyl-1,3,4-thiadiazol-5-yl)-1,2,3-thiadiazole-2-
aminoacetic acid. However, we have recently found,5

that refluxing 4-ethoxycarbonylmethyl-1-(4-methyl-1,
2,3-thiadiazol-5-ylcarbonyl)thiosemicarbazide, 1, (R¼
4-methyl-1,3,4-thiadiazol-5-yl, R1¼ ethoxycarbonylmet-
onylmethyl in Scheme 1) in anhydrous acetic acid yields an
unexpected product, 4-methyl-N-(4-oxo-2-thioxoimidazo-
lidin-3-yl)-1,2,3-thiadiazole-5-carboxamide, 2 (Scheme 2).
Apparently, the presence of the —CH2CO2— moiety in
the R1 substituent renders formation of the imidazolidine
ring derivative energetically favorable. Herein, we
present theoretical support obtained using hybrid density
functional theory (DFT) for this direction of the
cyclization.
to: P. Paneth, Institute of Applied Radiation Chem-
niversity, Zeromskiego 116, 90-924 Lodz, Poland.
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COMPUTATIONAL METHODS

Initially a conformational search was performed at the
molecular mechanics level using MMþ force field
implemented in HyperChem.6 The conformational space
included all seven dihedral angles along the main chain of
the reactant 1 and allowed to identify the most stable
conformers of this molecule. Subsequently, selected
structures were refined using B3PW91 functional,7 a
hybrid DFT level that was shown to be appropriate for
activation barriers and heats of reactions,8 with the
standard 6-31G(d) basis set9 as implemented in the
Gaussian package.10 All calculations were carried out
using default convergence criteria. For structures that
correspond to substrates of different reaction pathways
(see Schemes 1–3), relaxed potential energy surface
(PES) scans have been carried out by systematic
diminishing of the interatomic distance that leads to
the ring closure. The points of maximum energy on these
PES scans were used as the starting points for the
geometry optimization to the corresponding transition
states. Vibrational analysis was performed for the
optimized structures to confirm that they represent
stationary points on the PESs (3n-6 real normal modes
of vibration for the reactant and exactly one imaginary
frequency for the transition state) and to calculate gas
phase Gibbs free energies. Both neutral species and
cations were considered. Solvation free energies were
evaluated using two implicit solvent models. The first
model that uses the Poisson-Boltzmann method is
implemented in the Jaguar program.11 The second model
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used, SM5.42,12 was implemented in the MN-GSM
program.13 The choice of these two models was dictated
by the availability of parameters corresponding to acetic
acid which was used as the solvent in the experiments.

RESULTS AND DISCUSSION

Conformational search using dihedral angles along the
main chain of the reactant 1 allowed us to identify the
Figure 1. Atom numbering and DFT-optimized structures of th
illustrated in Schemes 1–3. The substituent R (4-methyl-1,2,3-th
rendered as tubes for clarity

Copyright # 2007 John Wiley & Sons, Ltd.
most stable conformer of this molecule. Its main charac-
teristic feature is a twist around C(5)—N(6)— C(7)—
N(9) skeleton (atom numbering is given in Figure 1),
which results in placing atoms N(9) and C(3) oppo-
site each other at the distance of about 3 Å. Thus, the
most stable conformer is preoriented to ring closure
according to Scheme 2. We label this conformation
12 (reactant 1 in the geometry corresponding to the
reaction described by Scheme 2). This structure was
e most stable substrate and transition states of reactions
iadiazol-5-yl) and ethyl group of R1 (ethoxycarbonylmethyl)
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refined at the DFT level. A relaxed PES scan originated in
this structure, with systematic shortening of the N(9)—
C(3) distance and subsequent geometry optimization of
the point characterized by the energy maximum to the
nearest saddle point yielded the structure TS2 that is the
transition state of the reaction given in Scheme 2. It is
characterized by one imaginary frequency of 585.7 cm�1

that corresponds to the simultaneous formation of
N(9)—C(3) and H(2)—O(1) bonds and rupture of the
C(3)—O(1) bond. Gibbs free energy of activation
corresponding to this transition state is equal to
51.9 kcal/mol at 392K. Structures of 12 and TS2. are
illustrated in Figure 1.

In order to address the influence of the solvent, the
structure of 12 was reoptimized using two different
implicit solvent models of acetic acid, SM5.42 and
Poisson-Boltzmann. Geometric parameters that undergo
major changes on going from the reactant to the transition
state, obtained in the gas phase and within the implicit
solvent models indicate negligible solvent influence. The
same comparison for the transition state TS2 failed
because we were unable to converge the optimization
calculations to the transition state when using the SM5.42
model. However, Gibbs free energy of activation
calculated from the structures optimized using the
Poisson–Boltzmann model, and from the gas phase
geometries with energy corrections made with the
SM5.42 model differ only by 0.1 kcal/mol. This supports
the conclusion that geometric changes caused by
solvation are negligible. Therefore, we carried out the
rest of our calculations using geometries obtained in the
Table 1. Main geometric parameters, imaginary frequencies, and
(12) and transition states for reactions given in Scheme (1) (TS1)

Coordinatea/property

C(3) O(1)
C(15) O(16)
O(1) H(2)
O(1) H(14)
O(16) H(14)
N(9) H(2)
N(10) H(14)
S(8) H(2)
N(9) C(3)
N(10) C(3)
S(8) N(15)
N(9) H(2) O(1)
N(10) H(14) O(1)
O(16) H(2) S(8)
N(6) C(7) N(9) N(10)
C(5) N(6) C(7) N(9)
N(9) N(10) C(15) O(16)
N(10) C(15) C(17) S(19)

in6¼

DE6¼

DG
6¼
392

DGsolv

DG
6¼
392 þDGsolv

a Atom numbering according to Fig. 1, distances in Å
´
, valence and dihedral ang
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gas phase, with the energy corrections for solvation
obtained from the SM5.42 single point calculations, that
is, all results reported herein were obtained at the SM5.42/
B3PW91/6-31G(d)//B3PW91/6-31G(d) level of theory.

The transition state that leads to the cyclization
according to the path illustrated by Scheme 1 (TS1)
has been optimized. Its electronic energy is 5.7 kcal/mol
lower than TS2. While exploring PES another reaction
channel leading to the product containing a six-member
ring that is formed when the cyclization proceeds with
ring closure via N(6) and C(12) atoms has been identified.
The barrier height of this pathway, presented in Scheme 3,
is even lower; the electronic energy of the transition state
TS3 is 1.6 kcal/mol lower than that of TS1. Basic
geometric and energetic features of the most stable
conformer of the reactant 1 and the three transition state
structures are collected in Table 1.

It is interesting to note that although electronic energies
of the TS1 and TS3 structures are lower than that of TS2,
the Gibbs free energy of activation associated with this
latter transition state is the lowest when the zero-
point-energy, solvation effects, and thermal contributions
at 118.58C are included.

The comparison of energies of the transition states for
the alternative reaction pathways are in agreement with
the experimentally observed direction of the cyclization
of the reactant. However, only transition states for the
concerted pathways have been identified. We have,
however, disproved experimentally an alternative, step-
wise mechanism with the hydrolysis of the ester and
subsequent dehydrocyclization of the corresponding acid.
relative energies of themost stable conformer of the reactant
, Scheme (2) (TS2), Scheme (3) (TS3)

12 TS1 TS2 TS3

1.342 1.334 1.647 1.659
1.233 1.738 1.218 1.231
2.089 — 1.068 1.379
— — — 1.024
— 0.975 — —

1.022 — 1.502 —
— — — 1.712
— 1.789 — —

3.404 — 2.117 —
— — — 2.156
— 3.408 — —

136.0 — 135.0 —
— — — 129.3
— 168.6 — —

�179.4 �178.2 �162.0 20.2
�18.1 �175.7 37.2 43.7
5.2 �6.8 164.8 2.9

174.3 172.6 �61.2 55.5
— 406.4 585.7 278.4
— 55.5 61.2 53.9
— 50.3 51.9 53.3

— 5.3 �4.6 �5.2
— 55.6 47.3 48.1

les in degrees, imaginary frequencies in cm�1 and energies in kcal/mol.
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Reflux of ethyl 3,4-dimethoxyphenylacetate or ethyl
phenylacetate, which contains all main features of the
substrate of the studied reaction but cannot undergo the
cyclization, showed no detectable hydrolysis to the
corresponding acids under the same experimental
conditions.14–16

Two other aspects of the reaction conditions have to be
taken into account before drawing conclusions regarding
the actual mechanism of the studied reaction. Since it is
carried out in anhydrous acetic acid one might expect that
the reaction is acid-catalyzed. Furthermore, under such
conditions the acid-catalyzed reaction may proceed via a
step-wise rather than concerted mechanism. These
problems were addressed computationally by considering
reactivity of the protonated species.
Table 2. Main geometric parameters, imaginary frequencies, an
the step-wise mechanism presented in Scheme 4

Coordinatea/property

C(3) O(1) 1
C(15) O(16) 1
O(1) H(2) 2
N(9) H(2) 1
N(9) C(3) 3
N(9) H(2) O(1) 1
N(6) C(7) N(9) N(10) �
C(5) N(6) C(7) N(9) �
N(9) N(10) C(15) O(16)
N(10) C(15) C(17) S(19) 1

in6¼

DE 6¼

DG
6¼
392

DGsolv

DG
6¼
392 þDGsolv

a Atom numbering according to Fig. 1, distances in Å, valence and dihedral ang
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Calculations carried out for 1 protonated at all possible
sites (oxygen, sulphur, and nitrogen atoms) showed that
the most stable cation is the one protonated at the nitrogen
N(24) of the substituent ring. Optimization of the
corresponding protonated transition state yielded Gibbs
free energy of activation for the reaction given by
Scheme 2 equal to 51.9 kcal/mol, which is 4.6 kcal/mol
higher than the corresponding activation barrier for the
unprotonated reactants.

As mentioned above, dehydrocyclization reactions
carried out in acetic acid may proceed via a stepwise
mechanism with acid catalysis as shown in Scheme 4. In
fact, this pathway turned out to be energetically preferred
over the concerted mechanism in case of substituted
phthalanilic acids.17 We have optimized all stationary
d relative energies of the stationary points corresponding to

1OH TSstep1 Int TSstep2

.267 1.280 1.356 1.450

.239 1.208 1.207 1.206

.354 3.371 2.245 1.220

.023 1.021 1.032 1.376

.306 2.219 1.594 1.477
31.4 55.4 77.7 110.2
174.9 �73.5 �99.7 133.7
26.3 �9.8 �4.3 11.4
6.6 142.1 146.0 147.4
75.3 �28.4 �34.3 �55.5
— 85.2 — 1556.7
— 37.3 35.2 62.3
— 37.1 35.2 59.8

— �2.9 �3.4 �6.5
— 34.2 31.8 53.3

les in degrees, imaginary frequencies in cm�1 and energies in kcal/mol.
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Figure 2. DFT-optimized structures of the stationary points corresponding to the pathway illustrated in Scheme 4. The
substituent R (4-methyl-1,2,3-thiadiazol-5-yl) and ethyl group of R1 (ethoxycarbonylmethyl) rendered as tubes for clarity
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points of the mechanism corresponding to Scheme 4. The
results of these calculations are summerized in Table 2
and illustrated in Figure 2.

Energetic profile that emerges from the data collected
in Table 2 for the step-wise mechanismwith acid catalysis
comprises formation of the protonated intermediate Int
that can easily decompose back to the protonated reactant.
Gibbs free energy of activation of this reverse step is only
2.4 kcal/mol. Forward decomposition of this intermediate
to the product, on the other hand, is characterized by the
Gibbs free energy of activation of 20.5 kcal/mol making
the overall process 6 kcal/mol less favorable than the
concerted mechanism involving neutral species.

In summary, calculations presented herein pinpoint the
origins of 4–ethoxycarbonylmethyl-1-(4-methyl-1,2,3-
thiadiazol-5-ylcarbonyl)-thiosemicarbazide conversion
to 4-methyl-N-(4-oxo-2-thioxoimidazolidin-3-yl)-1,2,3-
thiadiazole-5-carboxamide to the most favorable confor-
mation of the reactant that places in the proximity
nitrogen and carbon atoms, which are closing the ring.
The obtained results advocate for the concerted mech-
anism of the unprotonated species proceeding through the
transition state in which proton transfer to the leaving
ethoxy group is slightly more advanced than ring closure
and carbon—oxygen bond breaking. While the proton
catalysis is not a factor for the studied reaction it should
be noted that the presence of the solvent substantially
lowers the barrier, which in the gas phase is over 12 kcal/
mol higher.
Copyright # 2007 John Wiley & Sons, Ltd.
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