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Abstract: Although viewed as promising drug candidates, few efforts have been addressed towards
the structural chemistry of 2-hydrazonothiazolidin-4-ones. Therefore, 2-[(3-phenylsulfanyl-
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propylidene)-hydrazono]thiazolidin-4-one (ATZ3) was synthesized and its crystal and molecular structure was studied by
NMR and X-ray single crystal diffraction. The 'H NMR spectral data indicated that the hydrazone group assumes the E-
configuration, which was further confirmed by bi-dimensional NMR and crystallographic data. Despite agreement be-
tween most bond lengths and angleswith their expected values, the crystalline packing provided important information
with regard to the double bond position involving the C-4 carbon. Quantum chemical calculations at Semiempirical, Den-
sity Functional Theory (DFT) and Ab Initio levels provided a good agreement between calculated and structural results
provided by X-ray analysis. The system’s dimerization energies were also estimated. Statistical and Hierarchic Cluster
Analysis (HCA) revealed interesting aspects of the calculations and pointed to the B3LYP as the most accurate in the de-
termination of structure among the methods considered, in spite of some good results achieved by semiempirical schemes.
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1. INTRODUCTION

Highly functionalized thiazole, thiazolidin-4-one and thi-
azolidine-2,4-diones derivatives have been explored as po-
tential drug candidates [1-6], some of which have entered in
clinical trials [7]. Following this promising line of research,
our group has been deeply involved in the medicinal chemis-
try of thiazolidin-4-one derivatives as potential antiparasitic
drug candidates [4,8—10]. Our biological studies have proven
thiazolidin-4-ones are inhibitors of parasitic cysteine prote-
ases [4,9—12]. To advance our medicinal chemistry program,
in silico studies through molecular docking have also been
performed to highlight the binding mode of these inhibitors
into the protease’s active site [4,8,9]. A precise structural and
molecular knowledge for this chemical class is highly desir-
able, to improve the accuracy of our molecular docking and
subsequently the quality of our drug design program.

Although there is a plethora of crystallographic structures
available for thiazolidine-2,4-diones and 1,3-thiazoles,
similar information for thiazolidin-4-one bearing a
hydrazone moiety is much less abundant [13,14]. Likewise,
2-hydrazonothiazolidin-4-ones can result to isomers and
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tautomers (Fig. 1) but chemical aspects regarding these fea-
tures have rarely been discussed [15]. The structural chemis-
try and molecular modelling towards this chemical class is
thereby chemically relevant.

In order to address these issues, studies of spectroscopy,
X-ray diffractometry, and computational chemistry were
gathered for a highly representative bioactive thiazolidin-4-
one, named ATZ3 [10] (Fig. 1). More specifically, we col-
lected semiempirical and quantum chemistry calculations at
different levels of theory that were performed for this com-
pound, along with a comparison of the intermolecular inter-
actions collected from the X-ray crystallography and the gas-
phase isolated molecule. Original NMR data was acquired
and studied. These findings resulted in relevant molecular
insights, which could be useful for anyone working on thia-
zole chemistry.

2. RESULTS AND DISCUSSION
2.1. Conformational Analysis

ATZ3 was essentially synthesized as previously reported
[10] and detailed in Scheme 1, with a moderate yield (53%).
The structure of the ATZ3 was initially ascertained by com-
parison of its previously reported melting point data
and infrared spectra [10]. The present work contains original

© 2015 Bentham Science Publishers
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Fig. (1). a) Most representative isomers and tautomers. b) Numbered structure of the hydrazonethiazolidin-4-one (ATZ3) under study.
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Scheme 1. Synthesis of compound ATZ3. Reagents and conditions: (a) i) 3-bromopropionaldehyde dimethyl acetal, KOH, fusion at 110°C; 2
h; ii) Water, sulfuric acid, reflux, 1h; (b) thiosemicarbazide, MeOH, AcOH, reflux, 12 h. (¢) bromoacetic acid, AcONa, EtOH, reflux, 8 h.

examinations of the high-resolution mass spectra (HR-MS)
and NMR ('H, "°C and DEPT) spectral.

The first step of this work was to determine the relative
configuration of the exocyclic iminic bond (Fig. 1a). The 'H
NMR spectra showed a triplet at & 7.72 for one proton, sug-
gesting the presence of only one isomer. This was further
confirmed by HPLC chromatogram. Although Karabatsos
[16] had stated that iminic hydrogen of (E)-diastereomer
usually is downfielded rather than the analogous hydrogen in
(Z)-diastereomer, this kind of assignment using one-
dimensional "H NMR alone is feasible of mistake, because
of the influence of the solvent used and the chemical nature
of substituents around the imine-attached hydrogen. Evi-
dence was gathered about the relative configuration of the
imine double bond. Moreover, NH proton resonated at 11.78
ppm, which is suggestive of a lactam proton (I) rather than
an imine-like proton (II), the latter being expected to reso-
nate at much upfield. This chemical field might be influ-

enced by solvent effect, but X-ray analysis has corroborated
this assessment.

The Ortep-3 diagram displays the entire molecular struc-
ture conformation obtained from X-ray analysis for the com-
pound ATZ3 (Fig. 2). The crystal data details are summa-
rized in Table 1

Fig. (2). ORTEP-3 diagram of the ATZ-3. Displacement ellipsoids
are drawn at 50% probability level.
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Table 1. Crystal data and structure refinement.

Empirical formula Ci2 Hi3 N3 OS,
Formula weight 279.37
Temperature (K) 295K
Wavelength (A) 0.71073 A

Crystal system Monoclinic
Space group P2/c
Unit cell dimensions
a(d) 13.5930(7)
b(A) 5.6310(3) p=128.042(3)
c(R) 21.6040(7)
Volume (A%) 1302.32(11)
4 4
Peatc (g cm™) 1.425 Mg/m3
u (mm™) 0.406 mm™!
F(000) 584

Crystal size (mm) 0.150x 0.132 x 0.099

6 range (°) 3.0 t0 26.6
Reflections collected 9401
Independent reflections 2709
Rin 0.064

Refinement method Full-matrix least-squares on F*

COLLECT, HKL Denzo and

Computing Scalepack SHELXS-97,
SHELXL-97
Data / restraints / parameters 2007/0/163
Goodness-of-fit on F* 1.029
R[1>20(D)] 0.064
WwR; (all data) 0.110

Residual extrema (e A™) 0.275 and -0.227

Bond lengths and bond angles of the structures are essen-
tially in agreement with expected values, in particular, those
found among the thiazolidine rings as reported in the Cam-
bridge Structural Database [17]. The atoms of the thia-
zolidine ring and the linkage of the atoms N2,N1,C3,C2,C1
and S2 are planar and the largest deviation (0.0864A) from
the least-square plane is exhibited by atom C5. The dihedral
angle between this plane and the aromatic ring is 10.6°. The
molecular packing involves one strong intermolecular hy-
drogen contact between N3-HI1-+~N2' where H1--~N2' =
1.869(2) A; N3---N2'=2.867(3) A and N3-H1---N2'= 174°
[i= -x, -y+1, -z+2], as can see in Fig. (3).

X-ray diffraction is one of the most precise and widely

used methods for the determination of the position of atoms
in molecules and solids. However, the correct location of
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hydrogen atoms is nearly always determined by geometric
considerations or indirect methods. Doubt about a molecular
geometry obtained from the X-ray analysis can be alleviated
with help of quantum chemical investigations.

The possibility of incorrect attribution of hydrogen atom
position in the analyzed structure was investigated in this
work. An alternative tautomeric form of the proposed thia-
zolidine was studied using quantum chemical methods. The
proposed tautomeric form of the molecule are exposed on
(Fig. 4). We have analyzed energetic (Table 2) and structural
factors (Tables 3 and 4) to decide, which structure are the
most stable.

All calculations concerning the relative stability of this
tautomeric form indicates it as the less stable specie in com-
parison to the first proposed structure. (see Table 2). Energy
differences between the species are estimated up 10
kcal.mol™ by the semiempirical calculations (AM1, RMI,
MNDO, MNDO/d, PM3, PM6), while the most sophisticated
methods (HF, MP2, B3LYP) predict a value between 4 to 6
keal.mol™. Electronic correlation effects included through
the MP2 calculation are negligible in comparison to the HF
result, whereas the B3LYP prediction points a smaller ener-
getic difference between the tautomers.

Comparing the performance from the methods in repro-
ducing the two proposed geometries, it may be possible to
observe that errors originated from the Tautomer (2) (Table
4), in general, are almost always bigger than those obtained
from the Tautomer (1) (Table 3). This evidence reinforces
the correctness from the initially proposed structure. Exten-
sive information about the optimized geometries is enclosed
in the supplementary material (Tables S1 — S6).

The first stage of analysis from the geometric parameters
produced by quantum chemical methods had the Average
Unsigned Error (AUE) as an indicator stronger than Average
Error (AE), for evaluation of the computational performance.
Conclusions based in the AUE results show to be more
trustworthy due the impossibility of error cancelation to
mask the analysis. Standard Deviation (SD) indicates how
close to the mean value calculated data are. Low value for
SD indicates that the data points tend to be close to the
mean, whereas high SD indicates that the data spreads over a
large range of values.

Concerning the Tautomer (1) structure (see Table 3), the
AUE measurement assures that HF has the best performance
for bond lengths among the considered methods. MP2 gives
smaller error than the B3LYP method. Among the semiem-
pirical methods, MNDO has the largest error for bond
lengths, and the inclusion of d orbitals in its more recent im-
plementation (MNDO/d) was unable to correctly predict the
structures. PM6 and RM1 methods had performances com-
parable to the B3LYP.

While the inclusion of electronic correlations seems to
not be very important to bond length results, the statistical
analysis indicated that for bond and torsional angles predic-
tions, correlation effects are indispensable for a good repro-
ducing of these parameters. B3LYP had the smallest errors
and may be considered the best method to reproduce the ex-
perimental geometry considering the entirety of studied pa-
rameters.
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Tautomer (1)

Tautomer (2)

Fig. (4). Two proposed structures studied in the quantum chemical study. Left Tautomer (1), structure derived from X-ray analysis and right
Tautomer (2), an alternative tautomer, which proves to be less stable than Tautomer (1).

Table 2. Relative energies (in keal.mol ™) predicted by different quantum chemical methods for Tautomer (1) and Tautomer (2).

Method Tautomer (1) Tautomer (2) Method Tautomer (1) Tautomer (2)
HF 0.0 +6.66 MNDO 0.0 +16.09
MP2 0.0 +6.36 MNDO/d 0.0 +15.50
B3LYP 0.0 +4.64 PM3 0.0 +11.18
AM1 0.0 +13.81 PMé6 0.0 +11.50
RM1 0.0 +13.01

The expected superior performance of RM1 in compari-
son to AM1 was observed. RM1 showed good results in pre-
dicting this geometry, in comparison with other recent and
very accurate semiempirical parameterizations, like the PM6
method. PM3 method gave the best results for torsional an-
gles among the semiempirical methods, contrasting with the
large deviation provided by PM6 method.

One can observe a question addressed to the performance
of B3LYP and MP2 regarding the computational require-
ments to carry out calculations of these methods and the as-
sociated results provided by them. MP2 method is the first

choice to include electronic correlation in a calculation by an
ab initio way. However, the high computational effort to
complete a MP2 calculation restricts its applications to deal
with real chemistry problems. On the other hand, B3LYP
method is a parameterized hybrid exchange-correlation func-
tional, which has been widely used in computational chemis-
try applications. Mainly due its parametrization, the B3LYP
method combines an acceptable computational demand with
related good results, showing a good overall performance
when compared with other more traditional methods, like
MP2, for example. Additionally, Ab Initio and DFT calcula-
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Table 3. Statistical measurements summary (AE, AUE and SD) from the comparison of the bond lengths (A), bond and torsional an-
gles (°) between experimental and several theoretical methods for the Tautomer (1).

HF B3LYP MP2 AM1 MNDO MNDO/d PM3 PM6 RM1

Bond Lengths (A)

AE 0.005 0.018 0.016 0.003 0.006 0.023 0.016 0.019 0.014
AUE 0.012 0.020 0.017 0.028 0.040 0.030 0.023 0.022 0.019
SD 0.016 0.013 0.011 0.035 0.044 0.027 0.026 0.021 0.020

Bond Angles (°)

AE 0.31 0.32 -0.14 0.78 0.73 0.73 0.76 0.34 0.01
AUE 1.63 1.18 1.50 2.08 2.47 2.40 2.60 2.08 2.02
SD 2.20 1.53 2.08 2.78 343 3.40 3.90 2.73 2.52
Torsional Angles (°)

AE 0.1 -0.3 0.1 -7.0 35 3.7 0.2 -7.9 -1.2
AUE 7.6 23 6.2 8.6 11.1 10.5 2.8 10.8 4.7
SD 233 42 18.6 34.9 30.4 28.7 3.7 36.0 11.3

Table4. Statistical measurements summary (AE, AUE and SD) from the comparison of the bond lengths (A), bond and torsional
angles (°) between experimental and several theoretical methods for the Tautomer (2).

HF B3LYP MP2 AM1 MNDO MNDO/d PM3 PM6 RM1

Bond Lengths (A)

AE 0.004 0.017 0.014 0.008 0.009 0.026 0.021 0.015 0.014
AUE 0.020 0.029 0.026 0.035 0.046 0.036 0.027 0.031 0.026
SD 0.029 0.029 0.029 0.043 0.052 0.038 0.035 0.038 0.033

Bond Angles (°)

AE 0.32 0.33 -0.08 0.58 0.31 0.33 0.54 0.39 -0.11

AUE 2.76 2.44 2.78 2.30 2.33 2.26 2.22 1.94 2.30

SD 3.88 3.77 4.06 3.31 3.01 2.93 2.99 2.62 3.04

Torsional Angles (°)

AE 0.1 -0.5 0.1 -0.6 3.1 3.2 -0.4 -4.3 -1.3

AUE 7.6 3.5 6.3 3.5 14.1 13.8 4.0 6.6 4.9

SD 23.4 7.8 19.0 55 32.0 31.4 7.5 21.4 11.8
tions need much more memory resources from the computer. pattern in the calculated data without the use of multivariate
In summary, semiempirical methods can be a good explora- statistical tools. Successful applications of exploratory statis-
tory tool for calculations of geometry and energy of this kind tical tools to analyze geometric parameters obtained from
of system with a low computational cost and moderate accu- quantum chemical calculation [18] encouraged us to apply
racy. similar techniques in our work. The HCA analysis used here

allowed for the easy identification of graphic patterns

2.2. Hierarchical Cluster Analysis (HCA) from the through use of a dendogram.

Geometry Optimization Results Using the single linkage method for the clustering asso-
With the large amount of geometric parameters to ana- ciated to a Euclidian metric, HCA analyses were carried out
lyze, it becomes almost impossible to observe a possible on the geometric parameters produced by the theoretical
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Fig. (5). Dendograms relative to HCA of the Tautomer (1) structure: (a) all geometric parameters are included in the analysis; (b) only bond
lengths considered (¢) only bond angles considered and (d) only torsional angles considered.

methods for the monomeric and dimeric structures. Analyses
were performed in the complete data set and furthermore in
three distinct groups: bond lengths, bond angles and tor-
sional angles. Results are shown in Fig. (5). All HCA analy-
sis were made using the PAST program [19].

In an overall view of the performance of the methods,
experimental measurements are very similar to the 4b Initio
and B3LYP estimations. The latter method showed the
greatest similarity with the experimental data. This can be
noted by the line joining these two branches. With the excep-
tion of the torsional angles, in all remaining parameters the
experimental values are closer to the high level calculations
(HF, MP2 and B3LYP, specially the last method) than the
semiempirical calculations, evidencing the superiority of
these predictions. In general, RM1, PM6 and PM3 calcula-
tions had very similar predictions to each other.

The dendograms referring to torsional angles (Fig. 5d)
show the most different pattern in comparison to the other
graphics. HF and MP2 predictions, which could not repro-

duce the total planarity of this chemical system, were sepa-
rated from the experimental values, in dendogram. Semiem-
pirical methods seems to give good geometry optimization
for the torsional angles.

However, the difficult task of correctly reproducing tor-
sional angles results in considerable changes to the den-
dograms dedicated only to torsional angles. For example,
MP2 method makes good estimates for bond angles and
bond distance on this system, but fails to correctly predict
torsional angles. The dendograms for torsional angles thus
clearly indicate that this method is supplanted by semiem-
pirical predictions.

3. EXPERIMENTAL
3.1. Physical Measurements

All chemicals and solvents were purchased locally from
Aldrich or Fluka. Melting point was determined on a Tho-
mas Hoover Apparatus and is uncorrected. Elemental analy-
sis was performed on a Carlo Erba E-1110. NMR were re-
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corded on a Varian UNITY plus-400 NMR (at 400 MHz for
'H and 100 MHz for "*C) using TMS as an internal standard.
The mass spectrum was measured on a LC-IT-TOF (Shima-
dzu). Chemical shifts are reported in ppm and multiplicities
are given as s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet), dd (double doublet) integration, and coupling
constants (J) in hertz.

3.2. Synthesis

2-[(3-Phenylsulfanyl-(£)-propylidene)-

hydrazono]thiazolidin-4-one (ATZ3): Yield (53%, from
ethanol), white crystals, m.p.: 125 °C; m.p.;;125°C [8].1H-
NMR (400 MHz, DMSO-ds, ppm): 8 2.59 (dd, 2H, J= 12.2,
7.0 Hz, CH,), 3.18 (t, 2H, J= 7.1 Hz, 2H, CH,), 3.83 (s, 2H,
CH,), 7.20 (t, J= 6.7 Hz, 1H, Ar), 7.27-7.42 (m, 4H, Ar),
7.72 (t, 1H, J= 5.1 Hz, CH=N), 11.78 (s, 1H, NH). "C-NMR
(100 MHz, DMSO-dg, ppm): & 174.71 (C5), 164.41 (C3),
159.47 (C4), 136.15 (C7), 129.55 (C12, C8), 128.94 (Cl11,
C9), 126.34 (C10), 33.37 (Co6), 32.21 (Cl), 29.44 (C2).
HRMS, Calcd. (Found) for C12H13N3082: 280.0534
(280.0568).

3.3. Crystal Structure Determination

X-ray diffraction data collections were performed on an
Enraf-Nonius Kappa-CCD diffractometer (95 mm CCD
camera on K-goniostat) using graphite monochromated
MoKo radiation (0.71073 A), at room temperature. Data
collections were carried out using COLLECT software [20]
up to 50° in 26. Final unit cell parameters were based on
2938 reflections. Integration and scaling of the reflections,
correction for Lorentz and polarization effects were per-
formed with the HKL DENZO-SCALEPACK system of
programs [21]. Compound structure was solved by direct
methods with SHELXS-97 [22]. The models were refined by
full-matrix least squares on F* using SHELXL-97. The pro-
gram ORTEP-3 [23] was used for graphic representation and
the program WINGX [24] to prepare materials for publica-
tion. The H atom bound to N3 was located in a difference
Fourier map and refined freely with isotropic displacement
parameter. All other H atoms were located by geometric
considerations placed (C-H = 0.93-0.98 A) and refined as
riding with Ujs,(H) = 1.5Ugq(C-methyl) or 1.2Uc(other). An
Ortep-3 diagram of the molecule is shown in Fig. (2), while
in Table 1 shown the main crystallographic parameters.

3.4. Quantum Chemistry Calculations and Statistical and
Chemometric Evaluation of the Results

In order to ensure the accuracy and reliability of the pro-
posed X-ray structures, a quantum chemical investigation at
Semiempirical, 4b initio and Density Functional Theory
(DFT) levels was made about the structures and energies of
the monomeric and dimeric structures proposed in this work.
Concerning the semiempirical methods a broad set of param-
eterizations was used ranging from the most traditional based
in NDDO approximation, such as AM1, MNDO and PM3, to
the more recent and accurate implementations as RM1 [25],
MNDOY/d [26], PM6 [27]. Each of these methods is encoded
in the MOPAC 2009 program [28]. Hartree-Fock (HF), Sec-
ond Order Mgller-Plesset (MP2) and DFT (via B3LYP func-
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tional) calculations were carried out in the Gaussian 03 pro-
gram[29] using 6-31G** basis sets for C, H, N and O atoms
and 6-31+G* for S atom. Semiempirical calculations of ge-
ometry optimization and energy had their precision im-
proved by the inclusion of GNORM=0.01 and PRECISE
keywords. Gaussian 03 default criteria were kept throughout
this work. Optimized geometries obtained by quantum
chemical methods had their performance evaluated through
statistical and chemometric methods. In addition to common
statistical indexes such as: average error (AE), average un-
signed error (AUE) and standard deviation (SD), a Hierar-
chic Cluster Analysis (HCA) was carried out in the calcu-
lated geometric parameters generated by the quantum chemi-
cal methods. HCA is a chemometric technique of pattern
recognition, where similarities between clusters are esti-
mated by a distance measurement. A common approach for
this method is to initially treat each data as a cluster and join
each closer cluster together. This process is repeated until
only one cluster remains. The information obtained in this
procedure is shown in a two-dimensional plot called a den-
dogram [30]. The numerical data used in HCA was initially
submitted to an autoscaling preprocessing. This process be-
comes indispensable, due to the different units from the
geometric parameters studied in this analysis (bond lengths
in angstroms; bond and torsional angles in degrees). The
autoscaling applied in all data sets consisted in subtracting
each class of geometric parameter from its average and then
divided by its standard deviation. The average and standard
deviation were calculated for each class of parameter and
quantum chemical method or experimental data. This pre-
processed data formed the matrix of elements, where the
columns are occupied by the geometric parameters and rows
contain the results produced for each method. Quantum-
chemical calculations of geometry optimization are made
considering the molecule isolated from the others one or
solvent. Geometries of molecules in crystals are typically not
necessarily the same as those of isolated molecules. In the
crystalline phase, the molecules are under influence of the
intermolecular interactions and crystal packing forces. How-
ever, comparisons of bond lengths and angles between gas-
and solid-phase structures suggest that these influences are
likely to be typically small. It is not the case concerning con-
formations (torsion angles), which may be much greater,
leading to the possibility that overall molecular shape may
differ significantly between the gas and crystalline phases.
Since accurate gas-phase structure determinations are usually
restricted to very small molecules, comparison between the
quantum chemical methods and crystalline structures shows
to be a useful method to study the agreement between theo-
retical and experimental estimations [31].

4. CONCLUSION

In summary, we disclosed the entire molecular structure
of the 2 [(2-phenylthioethylidene)-hydrazono]-thiazolidin-4-
one (ATZ3) by X-ray analysis allied with semiempirical and
quantum chemical calculations.

Quantum chemical investigations confirmed, through en-
ergetics and structural evidences, the X-ray structure pro-
posed. Statistical analysis of the errors and standard devia-
tions, as well as the relative energies from the other possible
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tautomers, support the quality of the proposed X-ray struc-
ture. The theoretical investigations show the importance of
the semiempirical methods, as an alternative exploratory tool
for similar chemical systems, in comparison to the excessive
computational demand of 4b [nitio and DFT methods per-
forming the same tasks. Among the high level quantum
chemistry methods, the B3LYP had the best performance,
combining reasonably well the inclusion of electronic corre-
lation and computational demand. B3LYP proved to better
predict geometries than the typically more precise MP2
method.

The use of HCA approach allowed a panoramic and mul-
tivariate view of the performance obtained with the computa-
tional methods, regarding the predictivity of the geometry of
ATZ3 system.
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