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Romano, E. & Brandan, S.A. its vibrational spectra completely assigned combining B3LYP/6-
(2023). Vibrational characterization 311++G** calculations with the experimental FT-IR and FT-Raman
of active drug to the treatment of spectra and the SQMFF methodology. The most stable conformer
of benznidazole found in the study of the potential energy surface is
in agreement with that experimentally observed by X-ray diffraction
at room temperature while the other one was observed with the
heating up to 195 °C. Both differs in the positions of CH, groups of
acetamide fragment. Their structural properties in gas phase and
ethanol solution were computed by using natural bond orbital
(NBO), atoms in molecules (AIM), Merz-Kollman (MK) charges,
molecular electrostatic potentials (MEP) and frontier orbitals
calculations by using the hybrid B3LYP method and the 6-31G* and 6-311++G** basis sets. Additional
WBI7XD/6-311++G** calculations show that the energy values optimized for the most stable species
in both media present lower values than the obtained with the B3LYP/6-31G* method. The vibrational
assignments for those two conformers in both media were obtained from their corresponding harmonic
force fields together with the scaled force constants.
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Arenas Velasquez, et al.,, 2014; Aguirre, et al,
2004; Trochine, et al., 2014; Olivera, et al., 2016;
Streck, et al, 2016; Figueirédo, et al., 2017,
Morillo, et al., 2017). The cause of this illness in
the humans is the parasite Trypanosoma Cruzi, as
is largely known (Caryn, 2015; Rassi, Rassi, &
Marin-Neto, 2010; Bern, 2015). There are a lot

Introduction

The N-benzyl-2-(2-nitroimidazol-1-yl)acetamide
compound, named benznidazole, is one active
drug used during the first phase to the treatment
of Chagas disease (Caryn, 2015; Rassi, Rassi, &
Marin-Neto, 2010; Bern, 2015; Figueroa, et al.,

2018; Tonin, et al., 2009; Soares-Sobrinho, et al.,
2008; Nogueira Silva, et al, 2008; Soares-
Sobtinho, et al., 2010; Pites, Hideki Yoshizane,
& Souza, 2010; Pires, et al., 2011; Soares-
Sobrinho, et al., 2012; Arancibia, et al., 2013;
Bezerra, et al., 2014; Honorato, et al., 2014;

of studies of this interesting substance related to
different  chemical, physicochemical and
biological properties and to preparations of new
derivatives in order to obtain better bioactive
species (Soares-Sobrinho, et al, 2010; Pires,
Hideki Yoshizane, & Souza, 2010; Pires, et al.,
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2011; Arancibia, et al., 2013; Arenas Velasquez,
et al., 2014; Trochine, et al., 2014; Streck, et al.,
2016; Figueirédo, et al., 2017; Morillo, et al.,
2017). Benznidazole has low solubility in water
for which this drug is employed in combination
with other species, such as complexes, in order
to improve their solubility and efficacy, as
reported by different studies (Figueroa, et al.,
2018; Tonin, et al., 2009; Nogueira Silva, et al.,
2008; Soares-Sobrinho, et al., 2010; Pires, et al.,
2011; Figueirédo, et al., 2017). The experimental
benznidazole structure was determined by using
X-ray diffraction by Soares-Sobrinho et al. while
their new polymorphs structures were elucidated
by Honorato et al. by using the same technique
(Soares-Sobrinho, et al., 2008; Honorato, et al.,
2014). Previously, the theoretical structures of
benznidazole were studied by Tonin et al. and,
recently, two conformations were reported for
this species by Oliveira et al. in order to
investigate the intra-molecular hydrogen bonds
in their structures (Tonin, et al., 2009; Olivera, et
al., 2016). These authors have optimized two
structures of benznidazole in aqueous solution
which are the s-¢/s and s-#rans forms by using the
B3LYP/6-311++G(d,p) method and the PCM
model (Olivera, et al, 2016). Those two
conformations can be seen in Figure 1.
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Figure 1. Conformations s-cis and s-trans of
Benznidazole

The physicochemical characterization  of
benznidazole by using the infrared and Raman
spectra and the studies of thermal stability and
compatibility were also performed by Soares-
Sobrinho et al. but in this study the vibrational
assignments of both spectra for benznidazole
were no reported (Soares-Sobrinho, et al., 2010).
Obviously, the complete characterization of this
important drug by wusing the vibrational
spectroscopy is very important to identify with
this technique their presence in different media.
Hence, the aims of this work are to perform the
complete assignments of the vibrational spectra
for those two experimental structures observed
of benznidazole combining DFT calculations
with the experimental infrared and Raman
spectra by using their harmonic force fields,
normal internal coordinates, transferable scaling
factors and the SQMFTF methodology (Pulay, et
al., 1983; Rauhut, & Pulay, 1995; Sundius, 2002).
For these purposes, the potential energy surfaces
for conformations ¢s and #rans of benznidazole
were studied in gas phase and in ethanol solution
by wusing the B3LYP/6-31G(d) and 6-
311++G(d,p) and WBI7XD methods (Becke,
1988; Lee, Yang, & Parr, 1988; Chai, & Head-
Gordon, 2018) while the solvent effects in
solution were considered with the polarized
continuum (PCM) and solvation models
(Tomasi, & Persico, 1994; Miertus, Scrocco, &
Tomasi, 1981; Marenich, Cramer, & Truhlat,
2009). Here, our results suggest two stable cis
conformers for benznidazole, named C2 and C4,
where the assignments of both forms s-Cis were
considered in the vibrational analyses because
only these structures were experimentally
observed by X-ray diffraction although C4 was
observed not at room temperature as C2
(Soares-Sobrinho, et al., 2008; Honorato, et al.,
2014). At this time, the structural, topological
and vibrational properties were studied in both
media for the most stable C2 structure of
benznidazole observed at room temperature.
Then, the harmonic scaled force constants for
those structures of benznidazole in both media
were reported for both methods. Additionally,
the frontier orbitals were used to predict their
reactivities and behaviours in both media by
using different global descriptors (Parr, &
Pearson, 1983; Karrouchi, et al., 2021; Laurella,
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et al., 2022; Karrouchi, et al., 2021; Mortada, et
al., 2022).

Computational Approaches

The Gaussliew and Gaussian 16 programs were
used to model and optimize the initial
benznidazole (BENZ) structure by using the
hybrid B3LYP and WB97XD methods and the

(Dennington, Keith, & Millam, 2019; Frisch, et
al., 2019). Later, the potential energy surfaces
(PES) described by the dihedral N4-C8-C10-N5,
C11-C9-N5-C10, C8-C10-N5-C9 angles were
studied with those levels of theory and only the
graphic for the dihedral C11-C9-N5-C10 angle
by using the 6-31G* basis set is presented in
Figure 2.
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Figure 2. Potential Energy Surfaces (PES) for Benznidazole Described by the Dihedral C11-C9-
N5-C10 Angle by Using the B3LYP/6-311++G** Method

Figure 2 shows only two stable conformations
which are named C1 and C2 while the C3 frans
form is unstable due to steric hindrance of both
R and R1 groups and, also to the repulsions
between closer N and O atoms. Then, taking
into account that the experimental structure of
benznidazole reported by Soares-Sobrinho et al.
is different from that published by Braga
Honorato et al., other C4 form Cis of BENZ was
studied at the same level of theory (Soares-
Sobrinho, et al., 2008; Honorato, et al., 2014).
Between both structures only changes in the
positions of two CH. groups linked to benzyl
and acetamide fragment are observed with the
heating, as mentioned by Honorato et al
(Honorato, et al., 2014). However, the
optimizations of C4 in both media show that this
structure is the same than C2 but with opposite
dihedral angles. Thus, for the C2 conformation
experimentally  observed, atomic  natural
population (NPA) and Merz-Kollman (MK)

charges were studied in the two media (Besler,
Merz, & Kollman, 1990). Moreover, the
molecular electrostatic potentials were calculated
by using those latter charges while the donor-
acceptor interactions and bond orders were
computed by using NBO calculations
(Glendening, et al, 1996). Intra-molecular
interactions were evaluated taking into account
the atoms in molecules theory by using the
topological properties calculated with the
AIM2000 program (Bader, 1990; Biegler-
Koning, Schonbohm, & Bayles, 2001). In this
work, the frontier orbitals were first calculated
and, then, the gap values and, after that, with
these values the chemical potential (),
electronegativity (y), global hardness (), global
softness (5) and global electrophilicity index (w)
descriptors were predicted by means of know
equations (Parr, & Pearson, 1983; Karrouchi, et
al., 2021; Laurella, et al., 2022; Karrouchi, et al.,
2021; Mortada, et al., 2022). Harmonic force
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fields and the scaled force constants were
determined with the SQMFF methodology and
the Molvib program using normal internal
coordinates and transferable scaling factors
(Pulay, et al., 1983; Rauhut, & Pulay, 1995;
Sundius, 2002) while in the vibrational
assignments of IR and Raman spectra we
considered potential energy distribution (PED)
contribution > 10%. Further, the 'H and “C
chemical shifts were computed applying the
Gauge-Independent Atomic Orbital (GIAO)
method wusing tetramethylsilane (TMS) as
reference (Ditchfield, 1974). Here, Time-
dependent DFT calculations (TD-DFT) at the
B3LYP/6-311++G** levels of theory were
applied to predict the ultraviolet-visible
spectrum of BENZ in ethanol solution using the
Gaussian 16 program (Frisch, et al.,, 2019). In
addition, the TDDFT calculations were also

Theoretical
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employed to predict the rotatory strengths by
ECD.

Results and Discussion

Structural Study

First, B3LYP/6-31G*  calculations  were
performed for BENZ, three s-CIS (C1, C2 and
C4) and one s-TRANS named C3 and, then,
hybrid B3LYP/6-311++G** calculations in
order to analyse the populations of those
conformers of BENZ. Hence, a comparison of
theoretical C2 and C4 structures of BENZ with
the corresponding experimental at room
temperature determined by X-ray diffraction by
Soares-Sobrinho et al (Soares-Sobrinho, et al.,
2008) and by Honorato et al with the heating
(Honorato, et al., 2014) are shown in Figure 3.

Figure 3. Comparisons Between the Theoretical C2 and C4 molecular structures of
benznidazole with the corresponding experimental determined respectively at room
temperature and with the heating
Source: Soares-Sobrinho, et al., 2008; Honorato, et al., 2014

Then, total and relative energies, dipolar
moment, volume and population values for
those conformers of BENZ calculated in the
two media with both B3LYP and WB97XD

methods and the 6-311++G** basis set are
shown in Table 1. Two dihedral C11-C9-N5-
C10 and N4-C8-C10-N5 angles are also included
in that table together with the populations.
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Table 1. Calculated Total (E) and Relative Energies (AE), Dipole Moments, Molecular Volume
and Populations (%) for the Most Stable Conformers of Benz in Both Media and at Different
Levels of Theory

GAS PHASE
Forms E u \ AE Population Dihedral angles (°)
(Hartrees) | (Debye) | (A% | (kJ/mol) (%) C11-C9-N5-C10 [ N4-C8-C10-N5
B3LYP/6-311++G**
s-CIS
C1 -909.3392 250 [ 2627 0.00 35.58 -93.9 -88.8
C2 -909.3390 293 [ 2647 0.52 28.84 1079 -86.8
C4 -909.3392 250 [ 2678 0.00 35.58 95.1 89.8
sTRANS
C3 | 9093320 | 745 [ 2652 ] 1888 | 000 | 124.4 | -165.2
ETHANOL SOLUTION
s-CIS
Cl -909.3761 11.56 [ 271.1 0.00 35.58 11122 -159.6
C2 -909.3761 11.69 | 276.0 0.00 35.58 1125 -159.9
C4 -909.3759 11.61 | 2623 0.52 28.84 1122 160.4
WB97XD/6-311++G**
Gas -909.0311 238 [ 2611 - - 96.5 -76.3
Ethanol | -909.0682 11.41 | 2588 - - 95.8 1619

Regarding Table 1, we observed that the energy
values of C1 and C2 with both methods are
approximately similar between them but with
differences of 0.52 kJ/mol in gas phase. The
energy, V, 1 and population values for both in
solution with the B3LYP/6-3114++G** method
are the same and the only difference observed
between them is the positive C11-C9-N5-C10
dihedral angle. Then, C1 structure is the same
than C4 in gas phase but this latter structure is
observed with the heating while C2 is observed
at room temperature. Thus, the only structure
experimentally observed at room temperature is
C2. Besides, the C4 form in gas phase is different
from the optimized in solution, as can be seen in
Figure S1 (Appendix 1). Table 1 also shows that
C3 structure presents the higher relative energy
(18.88 kJ /mol) and dipole moment in gas phase
by using the B3LY/6-311++G** level of theory
and, consequently, null population is observed in
both media. Hence, taking into account that C2
is the only conformer experimentally observed at
room temperature, the properties for this form
of BENZ were predicted by using the higher
level of theory. Additional WB97XD/6-
311++G** calculations have optimized C2 in
gas phase with an E value of -909.0311 Hartrees
and p= 2.38 D. An E value enough lower than
the obtained with the B3LYP/6-31G* method

in the same medium (-909.0831 Hartrees), as
reported for other species (Sundius, & Brandan,
2023; Romano, E., et al., 2023). When the dipole
moment values for the C1, C2, C3 and C4
conformers in gas phase are graphically
represented by using the B3LYP/6-311++G**
method we observed that the magnitudes,
directions and orientations of theit vectors are
different among them, as shown in Figure S2
(Appendix 1). In C1, C2 and C4 the vectors are
oriented in direction to C=0O bonds on to
acetamide fragment while in C3 the vector is
located within the CH» group near to benzyl ring,
as observed in Figure S2 (Appendix 1). Probably,
the positions, directions and orientations of
dipole moments vectors and, their magnitudes
explain the presence of C2 in the solid phase, as
was reported for other compounds (Romano, et
al., 2011; Romano, et al., 2013; Romano,
Ladetto, & Brandan, 2013; Guzzetti, et al., 2013).
Apparently, these results could have impact on
structural and electronic properties and, on its
reactivities and behaviours in both media.

Theoretical geometrical parameters calculated
for C2 in both media using two B3LYP methods
with the 6-31G* and 6-311++G** basis sets are
compared in Table 2 with the corresponding
experimental determined by X-ray diffraction by
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Soares-Sobrinho et al (2008). Here, the predicted
parameters with the WB97XD method were not
considered because the E values obtained are
lower than the B3LYP/6-31G* level of theory.
The differences between these data are
expressed by means of root-mean-square
deviation (RMSD). In general, we observed
good correlations in the bond lengths for the C2
structures with both methods with values
between 0.122 and 0.078 A but a better
agreement is observed for C2 in gas phase with
the B3LYP/6-311++G** method while for the
bond angles similar correlations are observed
with both methods (2.9-2.7°). Probably, the
good correlations observed for bond lengths and
angles could explain why C2 is the conformation
experimentally observed. However, great
variations are observed in the dihedral angles

because some angles change theirs values and
signs in ethanol solution. These calculations
show changes in the different dihedral angles
related to the imidazole and benzyl rings and to
acetamide fragment in gas phase and in ethanol
solution but a very important observation for C2
in the two media and with both methods is the
similarity in the RMSDs wvalues of dihedral
angles. 'Thus, the wvalues decrease from
209.4/208.4° in gas phase to 179.5/179.3 in
solution. Hence, due to the presence of donor
N-H group and of acceptors N and O atoms in
the structure of BENZ could also be expected H
bonds interactions in solution, as the strong
intermolecular N-H--*O  hydrogen bonds
observed in the crystal packing of BENZ in the
solid phase (Soares-Sobrinho et al, 2008).

Table 2. Comparison of Calculated Geometrical Parameters for C2
of Benz in Gas Phase and Ethanol Solution by Using Different Levels
of Theory with the Corresponding Experimental Ones

Parameters B3LYP/*method? EXPa
6-31G 6-3114++G**
GAS | Ethanol | GAS | Ethanol
Bond lengths (A)
01-C10 1.226 1.233 1.222 1.232 1.228
0O2-N7 1.221 1.234 1.214 1.230 1.226
O3-N7 1.249 1.241 1.242 1.236 1.231
N4-C8 1.469 1.460 1.470 1.461 1.462
N4-C12 1.378 1.373 1.378 1.373 1.362
N4-C13 1.369 1.363 1.369 1.361 1.358
N5-C9 1.464 1.462 1.464 1.462 1.467
N5-C10 1.353 1.347 1.352 1.342 1.328
N5-H24 1.014 1.014 1.012 1.012 0.836
No6-C12 1.317 1.322 1.312 1.319 1.314
No6-C16 1.358 1.358 1.357 1.355 1.362
N7-C12 1.436 1.422 1.442 1.423 1.434
C8-C10 1.544 1.534 1.543 1.532 1.527
C8-H20 1.090 1.093 1.088 1.532 0.99
C8-H21 1.088 1.089 1.085 1.088 0.99
C9-C11 1.517 1.517 1.516 1.516 1.527
C9-H22 1.093 1.093 1.090 1.090 0.990
C9-H23 1.095 1.094 1.093 1.092 0.990
C11-C14 1.402 1.403 1.400 1.400 1.387
C11-C15 1.398 1.399 1.396 1.397 1.396
C13-C16 1.382 1.385 1.380 1.384 1.370
C13-H25 1.080 1.080 1.077 1.078 0.950
WWW.EJTAS.COM EITAS 2023 | VOLUME 1 | NUMBER 5



C14-C17 1.393 1.394 1.391 1.393 1.391
C14-H26 1.087 1.087 1.085 1.085 0.950
C15-C18 1.397 1.398 1.395 1.396 1.391
C15-H27 1.088 1.087 1.085 1.085 0.950
C16-H28 1.081 1.081 1.078 1.078 0.950
C17-C19 1.397 1.399 1.395 1.396 1.383
C17-H29 1.086 1.087 1.084 1.084 0.950
C18-C19 1.394 1.395 1.392 1.393 1.384
C18-H30 1.086 1.087 1.084 1.084 0.950
C19-H31 1.086 1.087 1.084 1.084 0.950
RMSD= 0.080 0.080 0.078 0.122
Bond angles (°)
C8-N4-C12 131.6 130.3 131.7 130.6 130.6
C8-N4-C13 1233 1244 1233 1241 1241
C12-N4-C13 104.9 105.1 104.8 105.1 104.9
C9-N5-C10 1224 123.7 123.0 1244 121.0
C9-N5-H24 119.3 117.5 1189 117.3 119.9
C10-N5-H24 118.0 118.6 117.9 118.2 118.2
C12-N6-C16 104.7 104.6 105.0 104.9 103.7
02-N7-03 1243 123.7 124.5 123.6 124.0
0O2-N7-C12 117.9 118.0 118.1 1182 1183
0O3-N7-C12 117.6 118.1 117.3 118.0 117.6
N4-C8-C10 111.3 111.5 1113 1123 110.8
N4-C8-H20 107.5 106.7 107.2 106.6 109.5
N4-C8-H21 108.6 109.7 108.9 109.7 109.5
C10-C8-H20 107.0 108.4 106.9 108.0 109.5
C10-C8-H21 112.2 111.8 1124 111.5 109.5
H20-C8-H21 109.9 108.3 109.8 108.3 108.1
N5-C9-C11 1134 113.1 113.0 113.1 110.8
N5-C9-H22 106.2 106.4 106.4 107.0 109.5
N5-C9-H23 108.0 108.4 108.4 108.5 109.5
C11-C9-H22 110.5 110.7 110.6 110.5 109.5
C11-C9-H23 110.2 110.0 110.0 109.7 109.5
H22-C9-H23 108.0 107.7 108.0 107.6 108.1
O1-C10-N5 1251 124.7 125.1 124.7 124.4
0O1-C10-C8 120.1 1213 119.9 1214 1209
N5-C10-C8 114.6 1139 114.9 113.7 114.4
C9-C11-C14 120.1 120.4 120.2 120.8 120.4
C9-C11-C15 120.8 120.6 120.7 120.3 120.6
C14-C11-C15 119.0 118.8 1189 118.8 1189
N4-C12-N6 113.1 113.1 113.0 1129 113.8
N4-C12-N7 1242 1239 1243 124.0 1234
N6-C12-N7 1225 1229 122.6 123.0 122.7
N4-C13-C16 106.5 106.6 106.6 106.8 106.7
N4-C13-H25 120.8 121.2 121.0 1213 126.6
C16-C13-H25 1325 132.0 1322 131.7 126.6
C11-C14-C17 120.4 120.5 120.4 120.5 120.7
WWW.EJTAS.COM EJTAS 2023 | VOLUME 1 | NUMBER 5



C11-C14-H26 119.2 119.5 1194 119.7 119.6
C17-C14-H26 120.3 119.8 120.0 119.6 119.6
C11-C15-C18 120.6 120.6 120.6 120.6 1204
C11-C15-H27 119.6 119.5 119.6 119.5 119.8
C18-C15-H27 119.7 119.8 119.6 119.7 119.8
N6-C16-C13 1104 110.3 110.2 110.0 110.6
N6-C16-H28 1215 1219 121.6 122.1 124.7
C13-C16-H28 127.9 127.7 128.0 127.7 124.7
C14-C17-C19 120.1 120.1 120.1 120.1 119.7
C14-C17-H29 119.7 119.7 119.8 119.7 120.1
C19-C17-H29 120.0 120.0 120.0 120.0 120.1
C15-C18-C19 119.9 120.0 120.0 120.0 119.8
C15-C18-H30 119.8 119.7 119.8 119.7 120.1
C19-C18-H30 120.1 120.1 120.1 120.1 120.1
C17-C19-C18 119.7 119.6 119.7 119.6 120.2
C17-C19-H31 120.1 120.1 120.1 120.1 119.9
C18-C19-H31 120.1 120.2 120.1 120.2 119.9
RMSD- 2.9 2.7 2.8 2.7
Dihedralangles (°)
02-N7-C12-N4 167.5 175.3 171.2 176.5 -5.0
0O2-N7-C12-N6 -13.0 -4.8 -9.1 -4.6 1771
0O3-N7-C12-N4 -12.6 -4.9 -8.9 -3.7 174.1
0O3-N7-C12-N6 166.8 174.8 170.6 175.0 -3.8
N7-C12-N4-C8 -1.0 0.2 -0.4 2.1 5.8
N7-C12-N4-C13 178.9 179.1 179.2 178.7 -178.8
N7-C12-N6-C16 -178.9 -179.2 -179.1 -178.7 178.6
C12-N4-C8-C10 98.1 73.8 95.9 74.8 -97.7
N4-C8-C10-0O1 101.2 23.5 92.5 22.6 20.4
N4-C8-C10-N5 -77.2 -158.8 -86.8 -159.9 -163.9
C8-C10-N5-C9 1794 -173.9 179.0 -175.2 -176.5
C10-N5-C9-C11 93.5 107.1 107.9 1125 167.8
O1-C10-N5-C9 1.0 3.5 -0.2 2.1 -1.0
RMSD- 209.4 179.5 208.4 179.3

Note: “This work, > Soares-Sobrinho, et al., 2008
Source: Soares-Sobrinho, et al., 2008

NPA and MK Charges, MEP and Bond
Orders

The interesting pharmacological properties
observed in BENZ could probably be associated
to the hydrophobic and hydrophilic sites and, for
these reasons, the identifications of these
possible  reaction sites are  necessaries
requirements. Besides, the bond orders are
related to forces of the different bonds and to
those reactivity sites because when a bond is
weak, the break of that bond is expected, so, for

this reason, the bond order (BO) values is other
very important property that must be studied.
Hence, the atomic natural population (NPA),
Merz-Kollman ~ (MK) charges, molecular
electrostatic potential (MEP) and bond orders
(BO) values are investigate for C2 in both media
(Besler, Merz, & Kollman, 1990). These three
properties were analysed only for the acceptors
(N and O atoms) and donors of H bonds (N-H)
groups of BEZ in both media by using the
B3LYP/6-311++G** method. Table 3
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summarize those properties while Figure 4
shows the behaviours of two atomic charges
studied on the atoms involved in acceptors and
donor’s groups of H bonds of C2. The

exhaustive analysis of charges shows different

curves indicating that the behaviours of MK
charges are different from NPA ones. However,
few changes are observed in both charges in
ethanol solution.

Table 3. Atomic Natural Population (NPA), Merz-Kollman (MK) Charges, Molecular
Electrostatic Potential (MEP) and Bond Orders (BO) Acceptors and Donor Groups of Most
Stable C2 Conformer of BENZ in Gas Phase and Ethanol Solution by Using the B3LYP/6-

311++G** Levels of Theory

B3LYP/6-311++G** Method

Atoms MK NPA MEP Bond Otder

Gas Ethanol Gas Ethanol Gas Ethanol Gas Ethanol
o1 -0.589 -0.732 -0.631 -0.729 -22.385 -22.423 1.984 1.871
02 -0.397 -0.526 -0.318 -0.423 -22.323 -22.388 2.095 1.985
03 -0.563 -0.550 -0.453 -0.430 -22.325 -22.353 1.962 1.983
N4 0.346 0.491 -0.387 -0.364 -18.281 -18.271 3.512 3.543
N5 -0.587 -0.489 -0.625 -0.603 -18.349 -18.323 3.268 3.287
N6 -0.497 -0.628 -0.424 -0.474 -18.377 -18.406 3.096 3.063
N7 0.794 0.803 0.464 0.470 -18.132 -18.165 3.967 3.965
H24 0.426 0.378 0.416 0.424 -1.003 -0.947 0.831 0.822

Note: Atomic charges and MEP values in a.u.
(Gas Phase| [ Ethanol Solution

307 N R “w
7 05 N4 < o5 N [\
% gg ra\ [/ H24 gi [/ H24
£ 0.1 /o / g g4 F 4
O 03| 92 o3/ | N6/ o 03| o2 /
Eakl > Y Lk £ ;‘}? 'és g
Z ol NS ~NPA 2 090 NS N6 \pa

Figure 4. Variations Observed on Calculated MK and NPA Charges on N, O and H Atoms
Corresponding to C2 of BENZ in Both Media by Using the B3LYP/6-311++G** Method. N
and O Atoms Belong to NO2 Group, to Imidazole and to Acetamide Fragment While the H

Atom to NH Group.

Regarding the two charges on O atoms, it is
observed negative signs on three atoms but
higher NPA values are observed on O2 and O3
of NO; groups in both media. On the other side,
both charges on N5 and N6 show similar values
in gas phase but their values change in solution
while on N4 and N7 are observed positive MK
and NPA charges but negative NPA charges
only on N4 in the two media. Both charges on

H24 of donor N5-H24 group show similar
positive values in the two media.

Analysing the MEP values from Table 3, we see
the following tendency: O > N > H, as expected
due to higher electronegativity of the O atom.
Thus, in solution higher values are observed on
three O atoms and N6 and N7 while lower
values on N4 and N5. Probably, those increase
in the MEP values on the atoms belonging to
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C=0 and NO; groups indicate hydration of
these groups in solution while the lower MEP
value observed on H24 indicate that this atom is
the most labile because this atom belong to N-H
group and, hence, it is clearly a donor of H bond.
When the mapped MEP surface for C2 in gas

phase is built with the Gaussliew program the
nucleophilic and electrophilic regions are
observed through the different colours, as
shown in Figure 5 by using the different levels of
theory (Dennington, Keith, & Millam, 2019).

B3LYP/6-31G*
+0.056 a.u.

B3LYP/6-311++G**
+0.054 a.u.

Figure 5. Calculated Electrostatic Potential Surfaces on the Molecular Surface of C2 of BENZ
in Gas Phase by Using the Different Levels of Theory. Isodensity Value of 0.005.

From the figure 5 it is observed that the range
colours decrease from £0.056 a.u. with the
B3LYP/6-31G* method to £0.056 a.u. with the
higher level of theory while the colorations
observed in the different regions are
approximately the same. Thus, the intense red
colours are observed on the N6 of imidazole ring
and on the O atoms of NO; and on C=0
groups. These sites correspond to nucleophilic
regions while the blue colours are observed on
the N-H and CH, groups of acetamide fragment
and correspond to electrophilic sites. In general,
the green colours are observed on benzyl ring
and correspond to inert sites.

In relation to the BO wvalues, Table 3 show that
the three O atoms and N6, N7 and H24 have
lower values in solution while N4 and N5
present higher BO values in this medium. These
variations in the BOs are related to their
hydrations because they are clear sites of
formation of H bonds.

Stability Studies

The stability study of BENZ is important due to
its observed biological properties as a
consequence of acceptors and donot’s groups
and, also because we need to know why C2 is

experimentally observed when the other stable
C1 and C4 conformers have approximately the
same energy values than C2 (Caryn, 2015; Rassi,
Rassi, & Marin-Neto, 2010; Bern, 2015;
Figueroa, et al., 2018; Tonin, et al., 2009). Hence,
to examine the stabilities in both media NBO
and AIM calculations were performed
(Glendening, et al., 1996; Bader, 1990; Biegler-
Koning, Schonbohm, & Bayles, 2001). Thus, the
donor-acceptor energy interactions and their
topological properties were predicted for C2 in
both media and these results are presented in
Tables S1 and S2 (Appendix 2), respectively
(Glendening, et al.,, 1996). Regarding first the
donor-acceptor energy interactions computed
by using the two levels of theory from Table S1
(Appendix 2), we observed five different types
of interactions: AET s AET 710, AET 7+ 1,
AET psrand AET] pso+which are related to the
double bonds of the benzyl ring (C=C), to the
NH and NO; groups and to C=O bond of
acetamide fragment. Besides, the lone pairs of
the O and N atoms are clearly involved in the
AET 710, AET) p—szand AET] p—so+ interactions
and present higher energy values in solution. In
particular, the AETzp interactions are
predicted by the two methods only in ethanol
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solution while the E values are strongly
dependent on method and basis set because the
LP(1)N5— o*01-C10, LP(1)N6— n*N4-C12
and LLP(1)N6— 7*C13-C16 interactions are only
predicted in solution with the B3LYP/6-

311++G** method. Thus, the evaluation of
total energy with both methods show that C2 is
most stable in solution (4683.20 kJ/mol) while
in gas phase the higher stability is observed with
the B3LYP/6-31G* level of theory (2900.57
kJ/mol).

® BCP © RCPA ©RCPN

Figure 6. Details of the Molecular Model for the C2 Conformer of BENZ in Gas Phase by
Using the B3LYP/6-31G*(Upper) and B3LYP/6-311++G** (Bottom) Levels of Theory

@
!

S

®.BCP & RCPA © RCPN

[N7-03--C8l']

B3LYP/6-31G* Ethanol Solution

Figure 7. Details of the Molecular Model for the C2 Conformer of BENZ in Ethanol Solution
by Using the B3LYP/6-31G* Level of Theory
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The topological properties of C2 in the two
media were also evaluated with the AIM 2000
program to predict their stabilities (Bader, 1990;
Biegler-Koning, Schonbohm, & Bayles, 2001).
Hence, the Bader’s theory was used to analyse
the intra-molecular interactions (Bader, 1990)
calculating the electron density distribution, p(7),
the values of the Laplacian, V’p(r), the
eigenvalues (A7, 12, A3) of the Hessian matrix
and the A7/A43 ratio in the bond critical points
(BCPs) and ring critical points (RCPs). Thus,
with these parameters it is possible to identify
the characteristics and type of interaction. Thus,
when an interaction present high values of p(7)
and V?p(), the ratio A1/A3> 1 and V?p(r) < 0
the interaction is covalent (shared interaction)
while the interaction is ionic or highly polar
covalent when A7/A3< 1 and V*p(r) > 0 (closed-
shell interaction). Hence, in Table S2 (Appendix
2) are summarized those parameters for C2 in
both media while in Figure 6 can be seen details
of the molecular models for the C2 conformer
of BENZ in gas phase by using the B3LYP/6-
31G* and B3LYP/6-311++G** levels of
theory, respectively. The figure shows three H
bonds interactions with the B3LYP/6-31G*
method which are, N5-H24:--O3, C8-H21---O3
and C10-O1---H26 interactions while with the
higher level of theory only are predicted the two
first interactions. Thus, Table S2 (Appendix 2)
shows that the number of H bonds interactions
and their properties are dependent on the used
method. Analysing the interactions in ethanol
solution with both methods from Figure 7 we
observed for each method one same interaction
but with different characteristics, as can be seen
from Table S2 (Appendix 2). This way, Figure 7
shows the only N7-O3---C8 interaction
predicted for both methods in solution by using
the B3LYP/6-31G* method. A same graphic is
observed with the other method and, for this
reason, the corresponding figure is not presented
here. Higher densities are predicted for the H
bonds interactions in gas phase with the
B3LYP/6-31G* method than the other one
while on the contrary it is predicted for the
RCPAs of rings and of new RCPNs.

The presence of three and two H bonds in C2
with both basis sets could justify its experimental
presence in the solid phase. Note that
RCPAland RCPA2 belong to the benzyl and
imidazole rings, respectively while the new ring
critical points are identified as RCPN. Both
NBO and AIM studies support the high stability
of C2 conformer in the gas phase due to the
presence of three different N-H---O, C-H*--O
and C-O---H interactions in gas phase and two
in ethanol solution, as was observed in the
crystal packing of BENZ in the solid phase
(Soares-Sobrinho, et al., 2008). Besides, the high
total energy value predicted by NBO analysis for
C2 in ethanol solution using the B3LYP/6-
311++G** method, as compared with the other
one, reveal the influence of level of theory and
the medium on the total stabilization energy.

Frontier orbitals and Descriptors

Reactivities and behaviours of C2 in gas phase
and ethanol solution have been predicted by
using the gap energy values calculated from the
frontier orbitals, as suggested by Parr and
Pearson (Parr, & Pearson, 1983). Then, with the
gap values the chemical potential (z),
electronegativity (y), global hardness (), global
softness (5) and global electrophilicity index (w)
descriptors were estimated using known
equations (Karrouchi, et al., 2021; Laurella, et al.,
2022; Karrouchi, et al., 2021; Mortada, et al.,
2022; Sundius, & Brandin, 2023; Castillo, et al.,
2018; Romano, E., et al., 2023). Thus, in Table
S3 (Appendix 2) are summarized the gap values
for C2 in the two media together with the
calculated descriptors by using both levels of
theory. The equations used in the calculations of
descriptors are given in the same table. The
results for C2 are compared with reported for
the thiol and thione forms of 1,3-benzothiazole
tautomers, a compound with potential
antimicrobial activity because these species also
present NO; groups in the five member’s rings
and have benzyl rings, as shown in Figure S3
(Appendix 1) (Romani, & Brandan, 2015).
Regarding first the gap values for C2 with both
methods, we observed that lower gap values are
observed in solution, for which, C2 is most

WWW.EJTAS.COM

EJTAS

2023 | VOLUME 1 | NUMBER 5



reactive in solution. From the comparisons with
the two tautomers of 1,3-benzothiazole, the
thione form in gas phase is most reactive than
C2 and thiol in the two media. Thus, the fused
benzyl and thiazole rings increase the reactivity
of compound. When the descriptors are
evaluated we observed for the most reactive
thiazole species < chemical potential (z), <
electronegativity (y) and < global hardness (7).
Thus, this study show that the different methods
have few influence on the gap values and
descriptors. Hence, the low gap values and the
high reactivities of these species could explain
their biological activities.

NMR Study

The predicted 'H and “C NMR chemical shifts
for C2 in ethanol solution were calculated for
both levels of theory by using the GIAO method
(Ditchfield, 1974) and are respectively compared
in Tables 4 and 5 with the corresponding
experimental ones for Benz in CHCl; taken from
Ref (SpectraBase, n.a.) by using the RMSD
values. In general, an overestimation in the
theoretical values is observed with both methods
as compared with the experimental ones and a
better concordance for the 'H nucleus (0.7 ppm)
than for the “C nucleus (6.7-8.1 ppm) was
observed.

Table 4. Observed and Calculated 'H

Chemical Shifts (8 in ppm) for BENZ in
Ethanol Solution at Two Levels of Theory

B3LYP Method Exp
S (ppm) 6-31G* 6311++G*

H20 4.8 4.6 4.3
H21 5.1 5.0 4.3
H22 5.8 5.6 52
H23 3.9 3.8 34
H24 5.5 5.7 52
H25 7.3 7.3 7.4
H26 7.8 7.6 7.7
H27 7.5 7.5 8.6
H28 7.5 7.4 7.7
H29 7.8 7.7 8.7
H30 7.7 7.7 8.7
H31 7.7 7.6 8.7

‘RMSD‘ 0.7 \ 0.7 \

Note: “This work, "From SpectraBase, (n.a.) for
benz in CHCl;

Table 5. Observed and Calculated BC

Chemical Shifts (8 in ppm) for BENZ in
Ethanol Solution at Two Levels of Theory

B3LYP Method? ExpP
S (ppm) 6-31G* 6311++G**
C8 63.9 56.6 53
C9 54.6 46.5 48
C10 166.5 172.0 164
C11 142.8 147.7 139
C12 149.1 153.0 139
C13 1344 136.2 137
C14 1323 134.0 124
C15 1325 134.1 124
C16 133.8 135.9 129
Cc17 132.7 134.9 127
C18 132.0 134.1 126
Cc19 131.5 1334 127
RMSD 6.7 8.1

Note: “This work, "From SpectraBase, (n.a.) for
benz in CHCl;

An uninspected resulted is obtained because
usually better correlations are observed with the
6-311++G** basis set than the other one due to
that generate better-quality results for the 'H
nucleus than the C atoms. However, here similar
RMSD values are predicted for the 'H nucleus
with the 6-31G* basis set and a lower value for
the C atoms. Here, the similarity in the RMSD
values for both H and C nucleuses support the
presence of C2 in the liquid phase and probably
also will be present in the solid state. Besides,
these reasonable correlations suggest that the
structures of C2 are optima to perform the
vibrational studies with both methods.

Vibrational Study

In this analysis, we have considered the two C2
and C4 structures s-Cis experimentally observed
for BENZ by X-ray diffraction at room
temperature with the heating, respectively
(Soares-Sobrinho, et al., 2008; Honorato, et al.,
2014). Figures 8 and 9 show comparisons of
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predicted IR and Raman spectra of C2 and C4
conformers of BENZ in ethanol and gas phase,
respectively by using the B3LYP/6-311++G**
method with the corresponding experimental
Attenuated Total Reflectance Infrared (ATR-IR)
and Raman spectra in the solid phase (Soares-
Sobrinho, et al., 2010; SpectraBase, n.a.). We see
reasonable concordances between the IR spectra

Experimental ‘,‘ |

o
0
5 C2 Ethanol
: MMMM
]
0
K.
<

C4 Ethanol
4000 3000 2000 1000 0

Wavenumber/cm-1

Figure 8. Experimental ATR-IR Spectrum in
the Solid State of BENZ Compared with the

Corresponding Predicted for C2 and C4

Conformers in Ethanol Solution by Using

B3LYP/6-311++G** Level of Theory
Source: SpectraBase, n.a.

Comparisons of both predicted Raman spectra
with the corresponding experimental one after
the conversion from scattering activities to
Raman intensities by using known equations
show very good correlations (Keresztury, et al.,
1993). Optimized C2 and C4 conformers show
C; symmetries and due to the 31 atoms present
in both structures 87 normal vibration modes are
expected for these species and, where all the
vibration modes present activities in both
spectra. Complete vibrational assignments have
been performed using the SQMFF methodology
and the Molvib program with potential energy
distribution (PED) contributions = 10%. In that

of both forms in solution because the
calculations in gas phase were performed for the
isolated molecule where the forces packing were
not considered while in solution the used
method consider solute-solvent interactions and,
hence, a higher number of bands are observed,
as in the experimental spectrum.

Experimental
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Figure 9. Experimental Raman Spectrum

in the Solid State of BENZ Compared
with the Corresponding Predicted for
C2 and C4 Conformers in Ethanol
Solution by Using B3LYP/6-311++G**
Level of Theory
Source: Soares-Sobrinho, et al., 2010

procedure, normal internal coordinates and
scaling factors were used (Pulay, et al., 1983;
Rauhut, & Pulay, 1995; Sundius, 2002). Table 6
shows observed and calculated wavenumbers
and assignments for C2 and C4 conformations
of BENZ in gas phase using the B3LYP/6-
311++G** level of theory. Here, the increasing
in the intensities of IR and Raman bands
between 1745-1503 cm™ (Figure 9) are due to
changes conformational, as mentioned by
Honorate et al (2014). Hence, differences in the
vibrational assighments and in the intensities of
some IR and Raman bands for both IR spectra
of C2 and C4 can be seen from Figs 8 and 9.
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Table 6. Observed and Calculated Wavenumbers (cm-1) and Assignments
for the C2 and C4 Conformers of BENZ

Experimentale B3LYP 6-311++G** Method?
C2 C4
IR Raman | SQMP | Assignment® SQMP | Assignment?
3330m 3261w | 3424 | yN5-H24 3415 | yN5-H24
3180w 3135 | vC13-H25 3134 | vC13-H25
3160w 3157w | 3113 vC16-H28 3112 | vC16-H28
3120w 3115sh | 3058 vC19-H31 3057 | vC19-H31
3090w 3057sh | 3048 vC18-H30 3048 | vC14-H26
3041 | v,CH,(C8) 3041 | v.CH,(C8)
3040 | vC19-H31,vC14-H26 3041 | vC18-H30
3029sh | 3031 | vC14-H26,vC17-H29 3032 | vC17-H29
3000w 3015w | 3024 vC15-H27 3022 | vC15-H27
2999vw | 2984 | v,CH,(C8) 2989 | v,CH2(C9)
2949w 2941w | 2980 | v,CH,(C8) 2979 | v,CH,(C8)
2894vw | 2888sh | 2927 | v.CH,(C9) 2934 | v,CH,(C9)
1685s 1657w | 1680 vC10=01 1680 | vC10=01
1685s 1657w | 1591 vC14-C17 1590 | vC14-C17
1565m | 1583w | 1572 | vC18-C19 1571 | vC18-C19,vC17-C19,vC11-
C14,
vC11-C15
1535s 1537w | 1533 | v,NO, 1533 | v,NO,
1535s 1537w | 1519 v,.NO, 1517 | pN5-H24
1480s 1503w | 1480 | pN5-H24 1480 | pC17-H29, BC18-H30
1478s 1471 BC17-H29 1471 | vC13-C16
1465m 1457 | vC13-C16 1457 | vNG6-C12,vN4-C12
1452m 1440 BC19-H31, BC18-H30 1440 | BC19-H31,vC15-C18
1415w 1410sh | 1419 | 8CH(C9) 1416 | 8CH(C9)
1415w 1381sh | 1413 | 8CH»(C8) 1412 | 8CH,(C8)
1352vs | 1359vs | 1375 | vN4-C13,vNG6-C12,vN4- 1375 | vN4-C13
C12
1367 | wagCH(C9) 1365 | wagCH»(C9)
1336m 1330sh | 1349 | wagCH,(C8) 1349 | wagCH,(C8)
1326sh 1300sh | 1327 BC15-H27 1330 | pC14-H26, BC15-H27
1287m | 1288m | 1323 | yNO, 1322 | v.NO,
1287m | 1253w | 1320 | yN7-C12 1319 | VN7-C12,vN6-C12
1287m | 1253w | 1296 | vC17-C19 1297 | vC14-C17 oCH,(C9)
1263 | yN4-C8,vN4-C12 1262 | yN4-C8,vN4-C12
1243m 1245 | yN5-C10,pC10=01 1245 | yN5-C10
1211w | 1212m | 1228 | oCH,(C9),vC11- 1227 | oCH,(C9),vC11-C14
C15,vC11-C14
1178vw | 1186 vC9-C11 1185 | vC9-C11
1181 oCH,(CB) 1181 | pCH(C8)
1169 BC14-H26 1169 | BC17-H29
1154s 1157vs | 1155 | yN6-C16 1155 | vyN6-C16
1139s 1139w | 1149 BC19-H31,8C18-H30 1150 | pC19-H31,3C18-H30
1129sh | 1100 | N4-C13 1098 | N4-C13,0CH,(C8)
1080w 1088w | 1070 vC15-C18 1071 | vC15-C18
1057w 1064w | 1064 | BC13-H25C16-H28 1064 | pC13-H25, BC16-H28
1028w 1034w | 1025 vN5-C9 1022 | vN5-C9
1028w 1034w | 1021 BRy (A1) 1020 | BRy(AD)
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987w 1005m | 996 yC19-H31 997 | yC19-H31
987w 993sh | 994 BRi(A1),vC17-C19 994 | BRy(A1),vC17-C19
978 yC18-H30 978 | yC18-H30,yC14-H26
953w 956sh | 974 T,CH2(C9),vC8-C10 968 | vC8-C10
944w 946w 923 yC14-H26 926 yC15-H27
918m 918m | 917 yC14-H26,8R2(A2) 918 | BRi(A2), BR2(A2)
906w 882 yC16-H28 881 | yC16-H28
863vw | 874vw | 877 1,CH2(C8) 877 | 14,CH,(C8)
835s 839w | 848 | yC15-H27,yC17-H29 849 | yC17-H29
835s 839w | 844 SNO, 844 | SNO»
822w 824w | 829 wagC10=01 831 | wagC10=01
810 SN5CIC11 811 | SN5CIC11
792sh 795w | 799 1,CH,(C9),vC8-C10 793 | 1,CH,(C9)
778s 778w | 780 yC13-H25 779 | yC13-H25
744s 743w | 752 TRi(AD) 752 | tRy(A1),yC19-H31
744s 743w | 738 wagNO» 737 | wagNOy
694s 684vw | 697 TRi(A1) 695 | tRi(A1)
694s 684vw | 675 | VN4-C8 674 | VN4-C8,pC10=01
683sh 640 TR2(A2) 652 | wagN5-H24
668vs 637 | wag N5-H24,1Ri(A2) 640 | tR(A2)
651sh | 644vw | 631 BR2(A1),8R;3(A1) 631 | BRa(Al), BR3(A1D)
617m 620w | 614 TRi(A2) 616 | TR;(A2), wagN5-H24
595w | 593vw | 595 | tRi(A2),8Rs(A1) 605 | tRi(A2)
572sh | 572vw | 573 | wag N5-H24,pNO, 569 | pNO,, BC12-N7
558m | 556vw | 525 | pNO,,wagC10=01 527 | pNO,
512w | 509vw | 494 | tRy(A1)yC11-C9 493 | TRy(AD),yC11-C9
468s 493vw | 436 3N5-C10-C8 435 | 1Ry(A1), 8N5-C10-C8
416w 429 VN7-C12,8N4-C8 431 | VN7-C12
407sh 400 TR3(A1) 399 | tR5(A1)
367w 368vw | 372 BN4-C8,8C11-C9 359 | BC11-C9
319w | 319 BC11-C9 320 | BN4-C8
306 BN4-C8,pNO; 292 BC12-N7
254 BCI2-N7 277 | yC12-N7, SN4C8C10
237 3C9-N5-C10 240 | 8C9-N5-C10
200 yC12-N7,8N5-C10-C8 197 ON5-C10-C8
176 yC12-N7 194 | yC12-N7
164 1C10-N5,wag N5-H24 156 | tC10-N5,yC12-N7
98 TwNO, 105 | twNO,
83 TN4-C3,6N4C8C10 82 | IN4-C3
37 TC8-N4 48 | 1C8-C10
32 1C10-N5,wag N5-H24 39 | 1C8-N4
21 twC11-C9 24 | 1C10-N5
19 1C8-C10 18 | 1C8-N41C10-N5
4 TN5-C9 10 | IN5-C9twC11-C9

Note: Abbreviations: v, stretching; 3, deformation in the plane; y, deformation out of

plane; wag, wagging; T, torsion; p, rocking; Tw, twisting; 0, deformation; a, antisymmetric;
s, symmetric; Al, Benzyl; A2, imidazole rings; “This work, "From SQMFF/B3LYP/6-
311++G** method, From SpectraBase, n.a.
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Discussions on assignments of the most
important groups are given below.

Band Assignments

NH modes. Generally, the NH stretching modes
in compounds containing these groups are
assigned between 3400 and 3300 cm™ and, in the
previous assignment reported by Soares-
Sobrinho et al for BENZ this mode was assigned
to the IR band at 3330 cm™ (Soares-Sobrinho, et
al., 2010; Karrouchi, et al., 2021; Karrouchi, et
al., 2021; Mortada, et al., 2022). Hence, the IR
band of medium intensity at 3330 cm™ is without
difficulty assigned to those vibration modes of
C2 and C4, as observed in Table 6. The in-plane
deformation or rocking mode are predicted by
calculations for both conformers between 1517
and 1480 cm™ (Soares-Sobrinho, et al., 2010,
Karrouchi, et al., 2021; Karrouchi, et al., 2021;
Mortada, et al., 2022). Hence, those modes are
assigned accordingly. The SQM calculations
predicted the out-of-plane deformation modes
of C2 and C4 conformers coupled with other
modes and between 652 and 573 c¢cm™, hence;
these modes are assigned to the shoulders at 683
and 572 cm™, as indicated in Table 6.

CH modes. In both conformers of BENZ there
are seven aromatic C-H stretching modes (five
of benzyl rings and two of imidazole rings). The
SQM calculations predicted the stretching
modes of imidazole rings between 3135 and
3112 cm™, hence; the IR bands between 3180
and 3160 cm™ are assigned to those vibration
modes, as expressed in Table 6. The C-H
stretching modes of benzyl rings are predicted
between 3058 and 3022 cm', therefore, they are
assigned in that mentioned region. The rocking
modes for C2 and C4 conformers are predicted
between 1480 and 1064 cm™, hence, they are
assigned in these regions, as detailed in Table 6
(Karrouchi, et al, 2021; Laurella, et al., 2022;
Karrouchi, et al., 2021; Mortada, et al., 2022).
For both conformers the out-of-phase modes
are assigned to the IR bands at 996 and 752 cm
!, in accordance with the calculations (Karrouchi,
et al., 2021; Laurella, et al., 2022; Karrouchi, et
al., 2021; Mortada, et al., 2022; Ditchfield, 1974;

Romano, et al, 2013; Romano, Ladetto, &
Brandan, 2013).

CH,; modes. The positions of these groups in C2
is different from C4, as was observed by infrared
spectroscopy by Honorate et al (2014). Thus,
changes in the intensities of some bands
between 1510 and 1400 cm™ region are related
to deformation modes of these groups predicted
between 1415 and 1412 cm’. The SQM
calculations predict the waging, rocking and
twisting modes for these two conformers in
approximately the same regions. Thus, the group
of bands at 1367/1349, 1297/1181 and 974/793
cm are assigned to those vibration modes.

NO:  modes.  Generally, the two NO;
antisymmetric and symmetric stretching modes
are assigned between 1584 and 1335 cm’
(Romani, & Brandan, 2015; Castillo, et al., 2017).
These N=O bonds in C2 and C4 conformers
have double bond characters and, hence, the
strong and medium intensity IR bands
respectively at 1535 and 1287 cm™ can easily be
assigned to those modes for both conformers of
BENZ. Normally, the NO, deformation modes
are assigned between 841 and 821 cm™ while the
wagging modes of both forms are assigned at
775-756 cm?. In C2 and C4, the NO;
deformation and wagging modes are predicted in
the same region, hence, they were assigned to the
weak band at 835 cm™ and to the strong band at
744 cm’, respectively (Romani, & Brandan,
2015; Castillo, et al., 2017). The rocking modes
are clearly predicted in the same region and, for
this reason, those modes are assigned to the
medium intensity IR band at 558 cm’, in
accordance to those two tautomers which were
assigned at 545 cm™ (Romani, & Brandén, 2015).
In those two thiol and thione tautomers, the
twisting modes are predicted by SQM
calculations between 66 and 63 cm™ while for C2
and C4 these modes are predicted at 98 and 105
cm’, respectively (Romani, & Brandin, 2015;
Castillo, et al., 2017). Obviously, due to the low
wavenumbers values those modes were not
assigned. This analysis shows clearly that the
vibration modes related to these groups for C2
and C4 are predicted in the same region.
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Skeletal modes. The C=0O stretching modes of the
two conformers together with the C=C of
benzyl rings are predicted between 1680 and
1571 cm’', thus, the very strong IR band at 1685
and 1565 cm™ are assigned to those stretching
modes of both conformers. Besides, some N=C
stretching modes of imidazole rings and
acetamide fragment are predicted by the
SQM/B3LYP/6-311++G** calculations with
double bond character while other N-C and C-C
stretching modes with partial double bond
character, thus, the bands between 1478 and
1287 cm™ can be assigned to those modes, as
observed in similar species (Karrouchi, et al.,
2021; Karrouchi, et al., 2021; Mortada, et al.,
2022). However, the N-C and C-C stretching
modes with simple bond character are assigned
between 1248 and 694 cm™, as predicted by the
SQM calculations and, as observed in Table 6.
Note that the N7-C12 stretching modes of nitro
groups linked to imidazole rings in C2 and C4
are assigned at 416 cm’, as predicted by
calculations. The deformation and torsion
modes of both benzyl and imidazole rings are
predicted in approximately the same regions
reported for other species (Karrouchi, et al.,
2021; Karrouchi, et al., 2021; Mortada, et al.,
2022; Sundius, & Brandan, 2023; Castillo, et al.,
2018; Romano, E., et al., 2023; Romano, et al.,
2011; Romano, et al., 2013; Romano, Ladetto, &
Brandian, 2013; Romani, & Brandin, 2015;
Castillo, et al., 2017) and, as a consequence they
are clearly assigned those  regions.
Assignments of the remaining skeletal modes

in

expected for C2 and C4 conformers of BENZ
are shown in Table 6.

Force Field

To characterize the force of different bonds, the
scaled force constants are useful parameters
associated to the positions of bands observed in
the vibrational spectra. Hence, these factors for
C2 and C4 of BENZ were computed in gas
phase and ethanol solution at the B3LYP/6-
311++G** level of theory by using the SQMFF
methodology and the Molvib program (Pulay, et
al., 1983; Rauhut, & Pulay, 1995; Sundius, 2002).
These parameters for the two conformers in
both media are shown in Table 7. Regarding the
values of scaled force constants, we observed
practically the same fVIN-H), f{vC-H) and
f(vC=0) force constants values for C2 and C4 in
the two media, in agreement with the similar
positions predicted by SQM calculations for the
involved stretching modes. However, when the
medium change from the gas phase to ethanol
solution modifications in the f/VC-N) and f{vC-
C) force constants values related to the
acetamide fragments and to rings are observed.
Such observations are associated to increase in
the intensities of bands, as was aforementioned.
Note that despite conformational changes
between C2 and C4 the scaled ffvCH;) and

f(VINO;) force constants present the same values
in gas phase but slight decreasing in solution, as
observed from Figs. 8 and 9.

Table 7. Comparison of Scaled Internal Force Constants
for C2 and C4 Conformers of BENZ in Gas Phase and Ethanol
Solution by Using the B3LYP/6311++G** Level of Theory

B3LYP/6311++G**a
Force C2 C4
constants Gas Ethanol Gas Ethanol
JfIvN-H) 6.50 6.50 6.50 6.50
fIVC-H)r 5.16 5.17 5.14 5.17
JIVC-N)x 6.62 6.60 6.62 6.58
JIVC-C)r 6.44 6.37 6.51 6.36
JIVCH,) 4.90 4.88 491 4.89
JIVC-N) 5.00 5.20 5.20 5.37
WWW.EITAS.COM EJTAS 2023 | VOLUME 1 | NUMBER 5



JvC-C) 3.85 3.95 3.85 3.95
JIVNO,) 9.15 8.60 9.15 8.55
fivC=0) 11.00 10.10 11.00 10.1
J6C-C-N) 1.15 1.28 1.23 1.33

Note: Units are mdyn A for stretching and mdyn A rad? for
angle deformations. “This work.

A very important observation is detected in the
scaled f{/C-C-N) force constants related to the
acetamide fragments because the values are
different for both conformers in the two media.
These variations are justified by the different
AVC-N) and f{vC-C) force constants values, as
observed in Table 7.

Ultraviolet-Visible Spectrum

The electronic spectra for the C2 and C4
conformers of BENZ were predicted in ethanol
solution at the B3LYP/6-311++G** and
B3LYP/6-311G** levels of theory and both are
compared in Figure 10. Different level of theory
was used for C4 due to the difficulty to obtain
the spectrum with the other method. The
corresponding experimental obtained for BENZ
in aqueous solution by Nothenberg et al (1991)
showed two bands, one intense absorption at
203 nm and other of lower intensity at 314 nm
while in the predicted spectra for C2 conformer
the maximum appeared at 177 nm while the
band of lower intensity at 307 nm. On the
contrary, C4 shows a shoulder at 234 nm and a
maximum at 285 nm. Thus, the spectrum of C2
shows a very good concordance with the
experimental obtained in the solvent of higher
polarity (water, 1.85 D) because both bands are
located at higher wavelengths than the
corresponding predicted in ethanol (1.66 D), for
which, the observed hypsochromic shift is in
agreement with the change in solvent polarity.
Due to the presence of C=C, C=0 and C=N
double bonds these absorptions can be quickly
assigned to m—m* and n—>w* transitions, as
reported for similar compounds and as
suggested by NBO calculations (Nogueira Silva,
et al., 2008; Honorato, et al., 2014; Nothenberg,
Funayama, & Najjar, 1991).

Cc2
B3LYP/6-311++G**

Absorbance

C4
B3LYP/6-311G**

250 300 350

Wavelength/nm

400

Figure 10. Predicted Electronic Spectra for
C2 and C4 of BENZ in Ethanol Solution at
the B3LYP/6-311++G** Level of Theory

On the other side, the bands associated to nitrate
groups are expected between 208 and 214 nm
and, where the intense band predicted at 203 nm
overlaps the bands. The differences observed
with C4 are justified by the different method and

solvent used.

Conclusions

In this work, two C2 and C4 stable s
conformers of benznidazole active drug used to
the treatment of Chagas disease have been
theoretically characterized and its vibrational

spectra  completely  assighed  combining
B3LYP/6-311++G** calculations with the
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experimental FT-IR and FT-Raman spectra and
the SQMFF methodology. Both forms were
experimentally determined by X-ray diffraction
and they differ in the positions of the CH»
groups linked to benzyl and imidazole rings. C2
was observed at room temperature while C4
with the heating. Changes in the positions,
directions and orientations of dipole moments
vectors and in the magnitudes could explain the
presence of C2 in the solid phase. The mapped
MEDP surfaces show that the nucleophilic regions
are located on N6 of imidazole ring and on the
O atoms of NO, and on C=0 groups while the
electrophilic sites are observed on the N-H and
CH, groups of acetamide fragment.

The NBO studies show that C2 is most stable in
solution and that the E values are strongly
dependent on method and basis set. The AIM
analyses reveal the high stability of C2 in the gas
phase and in ethanol solution, as supported by
the different N-H---O, C-H:--O and C-O--‘H
interactions of H bonds. Besides, both studies
reveal the influence of level of theory and the
medium on the total stabilization energy.

The low gap value and the high reactivity of C2
could explain their biological activities.

Reasonable concordances were found among
the experimental FTIR, FT-Raman, UV-Visible
and 'H and “C-NMR spectra and their
corresponding  theoretical ones. Complete
vibrational assignments of the 87 normal
vibration modes for both conformers of BENZ
were reported for first time together with the
scaled force constants for C2 and C4
conformers.
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Appendix 1

C4 Ethanol

Figure S1. Molecular Structures of C4 Conformer of Benznidazole in Gas Phase and Ethanol
Solution by Using the B3LYP/6-311++G** Method

Figure S2. Positions and orientations of dipole moment vectors for the four conformers of
BENZ in gas phase by using the B3LYP/6-311++G** level of theory.
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Thione

Figure S3. Comparison Between the Theoretical Molecular Structures of 6-nitro-1,3-
benzothiazole-2(3H)-thione and Their Tautomer 6-nitro-1,3-benzothiazole-2-thiol by Using the
B3LYP/6-31G* Level of Theory
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Appendix 2

Table S1. Main Delocalization Energies (in kJ/mol)
for C2 Conformer of BENZ in Gas Phase and Ethanol
Solution by Using Two Levels of Theory

Delocalization B3LYP/6-31G* B3LYP/6-3114++G**
Gas PCM Gas PCM
702-N7— L.P(3)03 44.77 44,98
7N4-C12— L.P(2)N6 78.62
7C13-C16—> LLP(2)N6 343.76
JAE,—rp 44.77 467.36
7N4-C12— 7z+02-N7 46.52
7N4-C12— 7*C13-C16 75.45
7N6-C12— 7%02-N7 69.73 80.67 66.59
7ZN6-C12— 7+C13-C16 87.36 85.44 85.94
2C11-C15—> 7*C14-C17 81.38 82.30 81.80 82.79
aC11-C15—> z*C18-C19 84.39 85.40 84.48 86.15
7C13-C16— 7*N6-C12 78.75 84.23 79.80 56.85
7C14-C17—> 7*C11-C15 86.23 85.31 87.85 86.86
7C14-C17—> 7*C18-C19 84.48 83.43 84.23 83.72
7C18-C19—> n*C11-C15 83.43 82.89 83.52 82.42
7C18-C19—> n+C14-C15 82.68 83.93 83.10 84.06
ISAE 738.43 753.53 737.31 684.82
L.P2)0O1— o*N5-C10 99.86 94.43 86.14 89.08
LP22)01— o*C8-C10 94.84 90.00 88.41 82.89
LP2)02— c*03-N7 85.02 78.83 84.35 77.41
L.P2)02— o*N7-C12 57.85 50.08 56.81 47.02
L.P(2)03— c*02-N7 78.67 78.75 74.32 78.58
LP2)03— o* O2-N7 41.80 612.24
LP(1)N6— c*N4-C12 45.94 43.97 43,97
LP(1)N5— c*01-C10 306.56
2AEpsor 462.18 507.87 390.03 1293.78
LP(3)03— 7z *O2-N7 528.23 608.15 531.36 612.24
LP(1)N4— 7*N6-C12 202.14 219.74 196.21
LP(1)N4— z*C13-C16 14212 149.14 138.52
LP(1)N5— z*01-C10 31517 328.00 299.79 306.56
LP(1)N6— 7*IN4-C12 724.60
LP(1)N6— z*C13-C16 191.28
SAEp—s 5+ 1187.66 | 1107.03 | 1165.88 1834.00
7*02-N7— 7*N6-C12 125.65 141.24 115.41
7*02-N7— 7*N4-C12 299.7
7% N6-C12— 7*C13-C16 386.65 265.51 377.24 103.54
SAE vy 512.30 406.75 492.65 403.24
ZAErorar 2900.57 | 2819.95 | 2785.87 4683.20

Note: “This work
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Table S2. Analysis of the Bond Critical Points (BCP) and Ring Critical Points (RCP) for BENZ
in Gas Phase and Ethanol Solution by Using Two Levels of Theory

Parameter# B3LYP/6-31G*
Gas | Ethanol
RCPA1 | RCPA2 | RCPN1 | RCPN | RCPN3 O1- O3- O3- RCPA1 | RCPA2 | RCP RCP | RCPN3 | O1- 03-C8 03-
2 H26 H24 H21 N1 N2 H26 H21
p(®) 0.0200 0.0542 0.0047 | 0.0089 | 0.0128 0.0053 0.0200 0.0175 0.0202 0.0543 0.0131 0.0147
V2p(r) 0.1616 0.4231 0.0200 | 0.0426 | 0.0625 0.0199 0.0656 0.0644 | 0.1620 0.4255 0.0639 0.0585
! -0.0149 | -0.0628 | -0.0016 | -0.0057 | -0.0090 | -0.0042 | -0.0252 | -0.0187 | -0.0149 | -0.0631 -0.0095 -0.0112
A2 0.0861 0.2399 0.0050 | 0.0205 | 0.0162 | -0.0034 | -0.0234 | -0.0134 | 0.0859 0.2416 0.0126 -0.0066
A3 0.0904 0.2459 0.0165 | 0.0278 | 0.0553 0.0275 0.1143 0.0965 0.0909 0.2470 0.0607 0.0764
[A1]/23 0.1648 0.2553 0.0969 | 0.2050 | 0.1627 0.1527 0.2204 | 0.1938 0.1540 0.2555 0.1565 0.1466
Distances 2.790 2.082 2.270
B3LYP/6-311++G**
Parameter? Gas | Ethanol
RCPA1 | RCPA2 | RCPN1 | RCPN | RCPN3 O1- O3- O3- RCPA1 | RCPA2 | RCP RCP | RCPN3 | O1- 03-C8 03-
2 H26 H24 H21 N1 N2 H26 H21
p(®) 0.0217 0.0576 0.0091 0.0131 0.0171 0.0173 0.0218 0.0576 0.0129 0.0141
V2p(r) 0.1596 0.3981 0.0404 | 0.0634 0.0638 0.0633 0.1597 0.4016 0.0618 0.0558
! -0.0168 | -0.0653 -0.0057 | -0.0094 -0.0196 | -0.0178 | -0.0167 | -0.0655 -0.0089 -0.0105
A2 0.0863 0.2237 0.0206 | 0.0169 -0.0189 | -0.0131 | 0.0860 0.2252 0.0111 -0.0064
A3 0.0903 0.2398 0.0255 | 0.0560 0.1024 | 0.0943 0.0906 0.2407 0.0597 0.0728
|A1]/A3 0.1860 0.2723 0.2235 | 0.1678 0.1914 | 0.1888 0.1843 0.2721 0.1491 0.1442
Distances 2.123 2.282

Note: RCPA1 (Six member) RCPA2 (Five member)
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Table S3. The Frontier Molecular HOMO and LUMO Orbitals and Some Descriptors
for the BENZ in Gas phase by Using Two Levels of Theory

Orbital (eV) BENZa B3LYP/6-31G*

B3LYP/6-31G* B3LYP/6311++G** thioneb thiolb

Gas Ethanol Gas Ethanol Gas Gas
HOMO -6.6993 -6.5834 -7.1044 -6.8816 -6.4443 -6.8847
LUMO -2.8221 -2.7240 -3.2288 -3.2008 -2.7918 -2.6194
| GAP | 3.8772 3.8594 3.8756 3.6808 3.6525 4.2653

Descriptors
(eV) Gas PCM Gas PCM
x -1.9386 -1.9297 -1.9378 -1.8404 -1.8263 -2.1327
u -4.7607 -4.6537 -5.1666 -5.0412 -4.6180 -4.7521
n 1.9386 1.9438 1.9438 1.8404 1.8263 2.1327
S 0.2579 0.2572 0.2572 0.2717 0.2738 0.2345
) 5.8456 5.5706 6.8662 6.9043 5.8388 5.2943
Note: *This work, "From Romani, & Brandan, 2015.

v = - [ELUMO)- E(HOMO)]/2 ; p = [ELUMO) + E(HOMO)]/2; n = [ELUMO) -

EMHOMO)]/2; § = 1am; @ = p2/2n
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