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Molecular structures and vibrational wavenumbers of 2-[4-(4-ethylbenzamido)phenyl]benzothiazole
(BSN-009) and 2-[4-(4-nitrobenzamido)phenyl]benzothiazole (BSN-011) were determined by quantum
chemical calculations, Infrared and Raman spectroscopic techniques. Vibrational modes were assigned by
potential energy distributions (PED). Potential energy scan and conformational analysis were performed.
Energy gap, ionization potential, electron affinity and electronegativity descriptors have been obtained
from frontier molecular orbitals (HOMO and LUMO). Molecular electrostatic potential (MEP) surfaces
have also been plotted for predicting the chemical reactivity of both compounds. Additionally, Mulliken
atomic charges were discussed. All calculations were performed by Density Functional Theory (DFT) with
B3LYP exchange correlation functional and 6—311++G(d,p) basis set. Moreover, based on the drug
likeliness descriptors and bioactivity scores of these compounds, it was found that BSN-011 could be a
good drug candidate. By using Differential Scanning Calorimetry (DSC), melting points of the compounds
were obtained and the purities were calculated with van’t Hoff equation.
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1. Introduction

Heterocyclic compounds have been an interesting field in me-
dicinal chemistry. A number of heterocyclic derivatives containing
sulfur and nitrogen atom serve as a unique scaffolds for experi-
mental drug design [1]. In the last decades, the microbial resistance
has developed consequently a substantial medical need for new
classes of antibacterial agents are in extreme demand, despite
progress in public health care, hospital care and availability of
powerful antibiotics [2]. Benzothiazoles are fused member rings,
which contain the heterocycles bearing thiazole, showing
numerous biological activities such as antimicrobial [3—10], topical
carbonic anhydrase inhibitor [11], anticancer [12—21], anthelmintic
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[22], a cyclooxygenase inhibitor [23], antitubercular [24,25] and
anti-diabetic [26] activities. Currently, synthesized benzothiazole
containing compound, lysylamide of 2-(4-amino-3-methylphenyl)-
5-fluorobenzothiazole had been tested for phase 1 clinical evalua-
tion as an antitumor agent [14]. The synthesis of several 2-
substitutedbenzothiazole derivatives as the antimicrobial agents
has been previously reported [10,27—29]. In these studies, ac-
cording to Yildiz-Oren et al. [ 10], the synthesized compounds were
found to have inhibitory effect with minimum inhibitory concen-
tration (MIC) value of 3.12—50 pg/ml against some of Gram-positive
bacteria, Gram-negative bacteria and Candida albicans as yeast.
Among the tested compounds, 2-(phenoxymethyl)benzothiazole
was found as the most active derivative at a MIC value of 3.12 ug/ml
against the tested Staphylococcus aureus [10]. Furthermore, ac-
cording to Bolelli et al., the synthesized benzothiazole derivatives
were in vitro tested for antibacterial activity against Gram-negative
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bacteria, Gram-positive bacteria, and the antifungal activity as
yeast. 2-[4-(4-Methoxyphenylacetamido)phenyl]benzothiazole
was found the most active at a MIC value of 6.25 pg/ml against the
tested Pseudomonas aeruginosa isolate [27].

For more than two decades, a great number of publications
[30—39] deal with the quantum chemistry calculations have been
applied on many compounds and these calculations play an
important role in understanding the action mechanism of mole-
cules, especially when they are candidates for potential drugs.
Indeed, there are many studies which reveal new compounds and
their structures by various spectroscopic, particularly Infrared and
Raman spectroscopy, and structural studies. For example, in a work
combining these two vibrational spectroscopic techniques together
with molecular modelling study, an anticonvulsant agent was
elucidated in order to better understand the epilepsy disease [40].
An anti-cancer drug, Combretastatin A-4 was also investigated by
Density Functional Theory (DFT) and Surface Enhanced Raman
Spectroscopy (SERS) technique and it was found out that this drug
has two non-identical conformations [41]. Five platinum-based
drugs, cisplatin, carboplatin, nedaplatin, oxaliplatin and heptapla-
tin were investigated by Infrared and Raman spectroscopy tech-
niques and similarities and differences between their electronic
structures were compared in order to better understand their na-
ture. Authors also calculated harmonic vibrational spectra for di-
mers of these drugs except heptaplatin and showed that harmonic
dimer vibrational spectra of cisplatin and nedaplatin were in better
agreement with experiment than anharmonic computations of the
monomers [42]. Vibrational properties of antiepileptic drug top-
iramate were studied by Fourier Transform Infrared (FTIR), Fourier
Transform Raman (FT-Raman), X-Ray Diffraction (XRD) and DFT
methods and observed bands were tentatively assigned for crys-
talline topiramate [43]. On the other hand, conformational analysis
gives detailed information of various orientations of compounds
and these conformations take place in their activity profiles.
Conformational analysis and both experimental and theoretical
computational study performed on borreverine, antimalarial nat-
ural product, revealed that this compound has two lowest energy
conformers indeed confirmed by the observed bands in their
Raman spectra [44].

Differential Scanning Calorimetry (DSC) is a sensitive technique
to investigate the thermotropic properties of drugs as well as many
different compounds. Recently, it has been utilized to determine
drugs’ purity, type of binding interaction, drugs’ stability, confor-
mation and polymorphism. For example, an antiparasitic drug
praziquantel and its interaction with calcium carbonate was stud-
ied by DSC technique and it was shown that praziquantel prefers
anti conformation rather than syn conformation and this multi-
conformational preference was also confirmed with the Infrared
spectrum of the compound [45]. In a paper which investigates the
polymorphism of Anti-HIV drug Efavirenz, polymorphs of this drug
were compared by DSC together with complementary vibrational
spectroscopic techniques and it was shown that one certain poly-
morph can be an excellent candidate for pharmaceutical formula-
tions [46]. Dehydration, melting and crystallization profiles of
carbamazepine (CBZ) were discussed in detail by DSC in terms of
CBZ’s polymorphs Ill and I and a detailed thermal pathway for the
decomposition of CBZ were proposed. Authors also showed that the
melting point of CBZ near temperatures of 200 °C indicated that
Form I is the most stable [47]. In another study, thermal behavior of
antihypertensive drug doxazosin mesilate was investigated by us-
ing DSC and the degree of purity of this drug was found to be
similar as obtained by High Performance Liquid Chromatography
(HPLC) [48]. Furthermore, in order to characterize and evaluate the
biological activity of an anti-inflammatory drug meloxicam, DSC
was used for the thermal analysis and melting points of two

different polymorphs of meloxicam were observed at 260.12 and
261.50 °C for Form I and III, respectively [49].

In spite there are many efforts on drug design for clinical use,
only a few drugs appeared as successful clinical use. Thus, in order
to design novel and potentially active compounds as good candi-
date drugs, it is highly crucial to investigate their electronic struc-
tures and further reveal their molecular mechanism of interaction.
Although there are numerous studies on benzothiazole derivatives
investigated by quantum chemical calculations [37,50—57] due to
their biological importance, there are still lack of studies on 2-[4-(4-
ethylbenzamido)phenyl]benzothiazole (BSN-009) and 2-[4-(4-
nitrobenzamido)phenyl]benzothiazole (BSN-011) (Fig. 1) in the
literature to the best of our knowledge. For this reason, the main
purpose of this research is to further investigate molecular struc-
tures of the title compounds by various analytical techniques to
evaluate their potentials to be used as new drugs. Here, we report
detailed vibrational spectroscopic (FTIR and Raman), calorimetric
and DFT studies on BSN-009 and BSN-011 for giving any new per-
spectives for future studies, for the first time. Conformational an-
alyses, (Highest Occupied Molecular Orbitals (HOMO) and Lowest
Unoccupied Molecular Orbitals (LUMO)) and Molecular Electro-
static Potential (MEP) results were also reported for both
compounds.

2. Experiments and theoretical methods
2.1. Fourier Transform Infrared spectroscopy

Approximately 5—10 mg solid powder samples of each com-
pounds were placed on the diamond crystal of Attenuated Total
Reflection (ATR) of the PerkinElmer Spectrum Two FTIR spec-
trometer (PerkinElmer Inc., Waltham, MA, USA) equipped with
deuterium triglycide sulphide (DTGS) detector. All spectra were
recorded in the range of 4000-400 cm~! with an average of 32
scans and spectral resolution of 1 cm~'. All experiments were
carried out at ambient temperature. The spectra were corrected
from water and carbon dioxide contributions. ATR diamond crystal
was cleaned with ultra-pure isopropyl alcohol prior to each sample
and a background spectrum was taken by recording a clean and dry
ATR crystal against air. The spectra were analyzed using Perki-
nElmer Spectrum Version 10.5.4. software (PerkinElmer Inc., Wal-
tham, MA, USA).

2.2. Raman spectroscopy

Approximately 5—10 mg solid powder samples of each com-
pounds were used to record Raman spectra on Renishaw InVia
Raman spectrometer equipped with 785 nm red laser excitation
line in the 4000-100 cm™! region with 0.6 cm™! resolution with a
diode laser of 3.1 pm estimated laser spot size. Magnification was
50x via microscope. Slit aperture was 20 pm and 32 accumulations
for each measurement were applied. For the calibration of the
Raman spectrometer, silicon wafer (520.7 + 0.5 cm~!) was used.
Detector was cooled to —70 °C thermoelectrically by peltier. CCDs
are suitable for analysis of the inherently weak Raman signal and
give the best possible sensitivity, uniformity and noise character-
istics. The power of the incident laser requires to be low enough to
avoid overheating and possible degradation.

2.3. Differential Scanning Calorimetry

Approximately 1.5 mg of samples from both compounds were
encapsulated in standard aluminum hermetic DSC pans. Empty
aluminum standard hermetic DSC pan was used as a reference pan
for each sample separately. TA Q20 DSC (TA Instruments Inc., New
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Fig. 1. Molecular structures of BSN-009 and BSN-011.

Castle, Delaware, USA) instrument was used with heating rates of
10 °C/min starting from 0 °C to 500 °C in nitrogen atmosphere with
a flow rate of 50 mL/min. The DSC data were analyzed using Uni-
versal V4.5A TA Instruments software.

In a system which contains impurities, van’t Hoff equation
approximately holds and allows the purity value to be calculated as
follows:

RTSX 1
vn (55
where Tt is the melting temperature of the sample, Ty is the melting
point of pure substance in Kelvin (K), R is the gas constant, AHg is
the heat of fusion, F is the fraction melted and X is the mole fraction
of impurities [48]. This technique also facilitates the design of new

potential drugs or provide improvements of existing compounds
[58].

2.4. DFT theoretical calculations

All calculations on BSN-009 and BSN-011 were performed via
Gaussian09 quantum chemistry software [59], using DFT/B3LYP
functional with 6—311++G(d,p) basis set. Optimized geometries,
HOMO-LUMO and MEP from output files of calculations were
visualized with Gauss View 5.0 program [60]. Vibrational mode
assignments were done using Potential Energy Distribution (PED)
analysis implemented in VEDA4 [61] software. Obtained harmonic
vibrational wavenumbers were scaled by a single factor of 0.9780 in
order to overcome systematic shortcomings of the applied meth-
odology. No double scale factors, different scale factors before and
after approximately 1800 cm ™', were used for any of calculations
[31,33,34]. Theoretical calculations were used to simulate both IR
and Raman spectra of both compounds.

3. Results
3.1. Theoretical studies

3.1.1. Potential energy scan and conformational analyses
Atom numbering and the molecular structures of BSN-009 and

BSN-011 were given together in Fig. 1 to make comparison. Rota-
tions around the single bonds give rise to energy minima. The
structures obtained from the minima are re-optimized and iden-
tical structures were eliminated to get possible conformational
isomers of BSN-009 and BSN-011. Relaxed scans for the torsional

angles of  7(57CgC10C11),  T(C12C13N16C17),  T(C13N16C17C19),
T(N16C17C19C20), T(C21C22C39C2) and t(C22C39C42Ha3) for BSN-009
and 7(S7C8C10C11), 7(C12C13N16C17), 7(C13N16C17C19),

T(N16C17C19C20), and 7(C1C22N39049) for BSN-011, respectively
were performed in 0-360° range in 4° increments using B3LYP/
6—311++G(d,p) given in Fig. S1. In order to get the most stable
conformers, the potential energy scan results were employed as in
previous studies [60—62]. Six and four stable conformers were
obtained for BSN-009 and BSN-011, respectively. These conformers
were depicted in Fig. 2 and Fig. 3.

Total energies, relative energies and dipole moments for the
conformers of BSN-009 and BSN-011 were given in Table 1. The
structures in which the carbonyl oxygen of the benzamido group
and the sulfur atom of the benzothiazole group are in trans
conformer were obtained as the most stable conformers for the two
compounds. The geometric parameters of the lowest energy con-
formers, BSN-009 (1) and BSN-011 (1), were tabulated in Table S1
and Table S2 (Supplementary Data), respectively.

3.1.2. Molecular properties from orbital energies

Highest Occupied Molecular Orbitals (HOMO) and Lowest Un-
occupied Molecular Orbitals (LUMO) and their energy gaps are
quite informative parameters in quantum chemistry. HOMO rep-
resents donation ability of an electron, whereas LUMO is descrip-
tive for electron acceptor ability [62]. In general, positive phase
corresponds to red in color and negative to green. It is known that
the HOMO energy (Egomo) is related to the ionization potential (IP),
where given by equation IP = —Eyomo (Koopmans’ theorem [63])
and LUMO energy (Erymo) has been used to estimate the electron
affinity where defined as EA = —E;ymo, then the average value of the
energies is related to the electronegativity given by the equation
% = (IP + EA)/2 as defined by Mulliken [64].

Calculated HOMO and LUMO energies, HOMO-LUMO energy
gaps and some main descriptors for the conformers of both com-
pounds were given in Table 2. The energy gap of BSN-009 (1) is
greater than BSN-011 (1), while the ionization potential, electron
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Fig. 3. The optimized conformer structures of BSN-011.

Table 1
Total energies, relative energies and dipole moments for the conformers of BSN-009 and BSN-011.
Parameters BSN-009 (1) BSN-009 (2) BSN-009 (3) BSN-009 (4) BSN-009 (5) BSN-009 (6)
Energy (kcal/mol) —899222.3401 —899222.3237 —899221.9187 —899221.9057 —899218.1461 —899218.0267
Rel. Energy (kcal/mol) 0.0000 0.0164 0.4214 0.4344 4.1940 43134
Dipole moment (Debye) 1.7725 1.8340 5.0809 4.9768 6.1864 5.9572
BSN-011 (1) BSN-011 (2) BSN-011 (3) BSN-011 (4)
Energy (kcal/mol) —978232.3390 —978231.9379 —978228.3950 —978228.1962
Rel. Energy (kcal/mol) 0.0000 0.4012 3.9441 4.1428
Dipole moment (Debye) 9.2845 9.9760 7.3040 8.8648

affinity and electronegativity values of BSN-011 (1) are higher than benzothiazole (A,B) part (mostly sulfur atom), phenyl (C) ring, N—H
BSN-009(1). The molecular orbital shapes of BSN-009 (1) and BSN- and C=0 groups.

011 (1) were presented in Fig. 4. As seen from the figure, the LUMO

is mostly located over the entire molecule (especially nitrobenzene 3.1.3. Molecular Electrostatic Potential (MEP) analysis

part for BSN-011), while the HOMO is more located on MEP surfaces visually indicate positive, negative and neutral
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Table 2
Calculated molecular properties for the conformers of BSN-009 and BSN-011 from orbital energies (a.u.: atomic unit).
Parameters BSN-009 (1) BSN-009 (2) BSN-009 (3) BSN-009 (4) BSN-009 (5) BSN-009 (6)
HOMO energy —0.1356 -0.1355 —0.1993 —0.1993 —0.1988 —0.1356
LUMO energy —0.0487 —0.0489 -0.1772 —-0.1772 -0.1798 —0.0487
HOMO-LUMO energy gap 0.0869 0.0866 0.0221 0.0221 0.0190 0.0870
lonization potential 0.1356 0.1355 0.1993 0.1993 0.1988 0.1356
Electron affinity 0.0487 0.0489 0.1772 0.1772 0.1798 0.0487
Electronegativity 0.0921 0.0922 0.1882 0.1882 0.1893 0.0921
BSN-011 (1) BSN-011 (2) BSN-011 (3) BSN-011 (4)
HOMO energy —0.1475 —-0.1474 —0.1536 -0.1534
LUMO energy -0.1111 -0.1111 -0.1106 —0.1092
HOMO-LUMO energy gap 0.0364 0.0363 0.0430 0.0442
lonization potential 0.1475 0.1474 0.1536 0.1534
Electron affinity 0.1111 0.1111 0.1106 0.1092
Electronegativity 0.1293 0.1293 0.1321 0.1313
LUMO

» BSN-011

Fig. 4. The frontier molecular orbitals of BSN-009 (1) and BSN-011 (1).

electrostatic potential regions in terms of color grading as well as
relative polarity of a molecule [65]. The different colors on the MEP
surfaces of compound represent distinctive electrostatic potential
regions (i.e., red for electron rich (partially negative charge); blue
for electron deficient (partially positive charge); light blue for
slightly electron deficient; yellow for slightly electron rich and
green for neutral).

The MEP shapes of BSN-009 (1) and BSN-011 (1) were plotted in
Fig. 5. The color codes of these maps are in the ranges
between —0.131 a.u. (red) to 0.131 a.u. (blue) for BSN-009 and
-0.152 a.u. (red) to 0.152 a.u. (blue) for BSN-011 calculated by DFT
method. The electron deficient blue regions which are responsible
for nucleophilic reactivity of the title compounds are located over
N—H groups (mainly Ng—Hag). The electron rich red regions which
are responsible for electronegativity of the two benzothiazole
derivate are mostly located over the oxygen atoms. Red region
count is higher in BSN-011 than BSN-009. This is because the
electronegativity of the BSN-011, which has three oxygen atoms, is
greater than BSN-009 which has only one oxygen atom (as seen in
Table 2). The slightly electron deficient light blue regions for both
compounds are located over thiazole ring. The slightly electron rich
yellow region over the phenyl ring can be considered as the sites for
electrophilic attacks.

3.14. Mulliken charges

Mulliken atomic charges are of importance in quantum chemi-
cal calculations since dipole moment, polarizability and electronic
structure are highly affected by atomic charges. Calculated Mul-
liken charges were tabulated in Table 3. In order to further under-
stand the Mulliken charges, a plot of charges versus atomic
numbers was prepared in Fig. 6. According to the results, all

hydrogen atoms in both compounds have positive charges and the
hydrogen atom with the largest positive charge among them is Hyg
(the sequence of hydrogen atoms with high positive charges; Hg>
Hs1> H3zs> Hsg). In addition, it is seen that Cq (1.214) atom for BSN-
009 and Cyp (1.051) atom for BSN-011 have higher Mulliken atomic
charges than other positive atoms. Mulliken atomic charge values
of C3 (—0.657) for BSN-009 and C,; (—0.624) atoms for BSN-011
were found to be highly negative values.

3.1.5. Drug likeliness properties and bioactivity scores

Very well-known Lipinski’s rule of five [66—68] plays a major
role in drug discovery and is of importance in estimating the
bioavailability of compounds to reveal drug likeness properties. In
our study, physicochemical properties of BSN-009 and BSN-011
were investigated by Molinspiration Cheminformatics online plat-
form which calculates molecular properties and bioactivity score
[69].

In order to begin Molinspiration work, DFT output files of both
compounds were converted to standard SMILES codes by Open
Babel software [70]. Afterwards, these SMILES codes were trans-
ferred to Molinspiration platform to draw their 2-dimensional
structures and related properties were calculated. Corresponding
SMILES codes and the drug likeness of both compounds in our work
were presented in Table 4. As it is known that Lipinski’s rule of five
should satisfy following physicochemical characteristics: (i)
clogP < 5; (ii) Molecular weight (MW) < 500 g/mol; (iii) number of
hydrogen bond acceptors (HBA) (sum of N and O atoms) < 10, (iv)
number of hydrogen bond donors (HBD) (sum of OH and NH
groups) < 5. Other related criteria were added later by Veber et al.
[71] are (v) number of rotatable bonds (nRotb) < 10, (vi) topological
polar surface area (TPSA) < 140 A2, According to Table 4, number of
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Table 3

Mulliken atomic charges of BSN-009 (1) and BSN-011 (1).
BSN-009 (1)
G 1214 Nig 0.080 Hs 0.272
C, —-0.334 Ci7 -0.186 Hsp 0.151
Cs —0.657 Os1s —0.296 Hss 0.113
Cy —0.369 Cig 0.595 Hss 0.203
Cs ~0.153 Ca0 -0.139 Hss 0.208
Cs -0.308 Co —0.553 Hsg 0.170
S7 —0.547 Caa 0.832 Hs7 0.171
Cs 0.211 Ca3 -0.455 Has 0.139
Ng 0.211 Coa —0.500 C3g -0.322
Cio 1.025 Has 0.177 Hao 0.151
Cn —0.236 Hae 0.163 Ha 0.152
Ci2 -0.356 Hy7 0.169 Can -0.626
Ci3 —0.546 Hag 0.147 Has 0.136
Cia -0.325 Hao 0.314 Has 0.145
Cis —0.426 Hso 0.039 Has 0.146
BSN-011 (1)
(e 0.845 Cis —0.449 Hag 0.350
C, 0.113 Nig 0.089 Hso 0.020
Cs -0.591 Ci7 -0.103 Hsy 0.288
Cy -0.359 Os3 —-0.286 Hsz 0.157
Cs —-0.203 Cio 0.761 Hss 0.113
Cs ~0.350 Ca0 -0.276 Has 0.201
S7 -0.554 Co —0.090 Hss 0.228
Cs 0.242 Caa -0.624 Hse 0.251
Nog 0.199 Ca3 -0.014 Hiy 0.252
Cio 1.051 Coa -0.370 Hsg 0.162
Cn -0.230 Has 0.184 N3g —-0.180
Ci2 -0.340 Hag 0.166 O40 —0.008
Ci3 -0.570 Hay7 0.174 Oa41 —0.008
Cia —0.384 Hag 0.144
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Fig. 6. Mulliken’s plot of BSN-009 (1) and BSN-011 (1).
Table 4 experimental data for BSN-009 and BSN-011, respectively. In Fig. 7
Drug likeliness descriptor of BSN-009 and BSN-011 predicted from Molinspiration. and Fig. 8 experimental and calculated IR and Raman spectra of
Descriptors BSN-009 BSN-011 BSN-009 and BSN-011 were shown, respectively. Theoretical IR
Hydrogen bond donor (HBD) 2 2 spectra. for the c_ompounds were scalr_ed with 0.973. When
Hydrogen bond acceptor (HBA) 3 6 comparing theoretical results with experimental ones, it should
Partition coefficient (Mi logP) 5.42¢ 4.46 also be noted that only contributions more than 10% calculated by
Molecular weight (MW) ) 359.47 376.42 PED were evaluated for 3CCH in-plane bending modes (Tables 5—6)
Topological polar surface area (TPSA) (A%) [74] 41.12 86.95 (see Fies. 9 and ]0)
Number of atoms 26 27 &s. .
Number of rotatable bonds [73] 4 4
Number of violations 1¢ 0 .
Bioactivity Scores 3.2.1. Stretching modes
GPCR (G protein-coupled receptor) ligand —0.23 —0.36 3.2.1.1. N—H stretching modes. Vibrational wavenumber for N—H
:?ir;acsta&r;ﬁlbir?;d”lmr :gég :8?; stretching mode of a benzothiazole derivate was reported at
Nuclear receptor ligand _036 047 3351 cm’llip our previous study [37]. Observed bands at 3347 and
Protease inhibitor -0.15 -0.28 3303 cm™ " in IR spectra were assigned to Ng—Hyg9 and Nig—Hs3g
Enzyme inhibitor -0.13 -0.23 stretching modes which agrees with the literature. The No—Hag

SMILES code for BSN-009: c12¢(cccc1)N[C](S2)c1cec(cc1)NC(=0)clccc(cc1)CC.
SMILES code for BSN-01: c12c(cccc1)N[C](S2)c1ccc(cc1)NC(=0)clccc(cc1)N(=0)=
0.

@ Partition coefficient violates rule of five and was given in italics on purpose.

HBD were found to be 2 (<5) for both compounds. Number of HBA
were found to be 3 and 6, for BSN-009 and BSN-011 (<10),
respectively. MW of BSN-009 was determined to be 359.47 g/mol,
whereas 376.42 g/mol for BSN-011. van der Waals TPSA values
obtained for BSN-009 and BSN-011 were 41.12 and 86.95 A?,
respectively.

The bioactivity scores calculated for GPCR ligand, ion channel
modulator, kinase inhibitor, nuclear receptor ligand, protease in-
hibitor and enzyme inhibitor
were —0.23, —0.28, —0.30, —0.36, —0.15, —0.13 for BSN-009 and
-0.36, —0.32, —0,38, —0.47, —0.28 and —0,23 for BSN-011 were also
presented in Table 4.

3.2. Vibrational spectroscopic studies

Both compounds contain benzothiazole moieties, phenyl and
benzamido parts and belong to C; point group symmetry. BSN-009
and BSN-011 consist of 45 and 41 atoms, respectively which have
129 and 117 normal modes of vibrations. In Table 5 and Table 6,
computed vibrational wavenumbers were given with the

stretching modes were calculated at 3568 cm ™! and 3571 cm ™! for
BSN-009 and BSN-011, respectively. The Nig—Hj34 stretching modes
were calculated at 3544 cm~! and 3541 cm ™! for BSN-009 and BSN-
011, respectively. In Raman spectrum for BSN-009 and BSN-011, no
Raman active bands were observed experimentally for this mode.
Since the Ng—Hyg bond is shorter than the Nyg—H34 bond (as seen in
Tables S1 and S2), the Ng—Hsg stretching vibrational mode were
calculated at a higher frequency than the Nig—H34 stretching mode.

3.2.1.2. C—H stretching modes. C—H stretching mode of aromatic
ring occurs above 3000 cm™ !, whereas this mode for aliphatic chain
occurs below 3000 cm~'. Aromatic C—H stretching modes were
observed at 3170, 3112 and 3054 cm™! in IR spectrum and calcu-
lated in the 3169-3077 cm ™! region for BSN-009 in experiment. The
aliphatic C—H stretching vibrations for ethyl group were calculated
in the region 3028-2959 cm ™! for BSN-009 in this study, while they
were observed at 3032-2932 cm™ . The aliphatic C—H stretching
modes were observed at 3178, 3111 and 3065 cm~! in IR spectrum
and calculated in the 3171-3080 cm ™ for BSN-011 (Table 6). Unlike
BSN-011, BSN-009, which has an ethyl group, has extra aliphatic
C—H stretching modes (vCH; and vCH3). C—H stretching modes for
both compounds were not Raman active, thus these modes were
not observed in corresponding Raman spectra and their Raman
spectra were only presented in the region of 1700-100 cm™' in
Figs. 7 and 8.
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Table 5
Vibrational wavenumbers and assignments for BSN-009.
Raman Infrared PED (%)
No. Exp.® Calc®  Exp. Calc.
Unscld.?  Scld.>?
1 — 3349 3347 3649 3568 VNH(100) No—Hag (B)
2 - 3304 3303 3624 3544 vNH(100) Nyg—Hs4
3 - 3169 3170 3240 3169 vCH(98) C12—Hsq (C)
4 - - - 3199 3128 vCH(96) C20—H35,C21—Hse (D)
5 - - - 3197 3127 VCH(92) Ce—Ha5,C5—Ha6,C4—H27,C3—Has (A)
6 - 3115 3112 3186 3116 vCH(96) C3—H>g,C4—H37,C6—Has (A)
7 - - - 3178 3108 vCH(99) C5—Hag,C5—Ha6,C6—Has (A)
8 - 3106 — 3176 3106 VCH(90) C14—Hs32,C15—Hs3 (C)
9 - - - 3170 3100 vCH(98) C33—H37,C24—Hsg (D)
10 — — — 3169 3100 vCH(90) C3— Hzg,C4—H27 Ce—H25Cs—Hae (A)
11 - 3097 — 3162 3092 VCH(98) C11—Hs30,C12—Hs; (C)
12 - 3088 — 3158 3089 VCH(96) C31—H36,C20—Hss (D)
13 - - - 3152 3083 vCH(100) Co3—H37,C24—Hsg (D)
14 — 3052 3054 3146 3077 vCH(90) C14—Hs32,C15—Hs3 (C)
15 - 3034 3032 3097 3028 VCH(88) C42—Ha4,C42—Has +VCH(11) C39—Ha40,C30—Ha1
16 - 3025 3032 3091 3023 vCH(98) C42—Hy3,C42—H44,C42—Hys
17 — 2998 3003 3058 2991 VCH(88) C39—Ha40,C39—Ha1 +VCH(11) C42—Ha4,Ca2—Has
18 - 2962 2959 3027 2961 VCH(95) C39—Ha40,C39—Ha1
19 - 2935 2932 3025 2959 VCH(96) C42—Hy3,C42—H44,C42—Hys
20 1658 1657 1655 1712 1675 vCO(78) C17=013
21 1607 1648 — 1648 1611 vCC(62) C20—C21,C21—C22,C19—Ca0 (D)
22 — 1594 1588 1627 1591 vCC(50) C;—C3,C1—C5,C4—Cs (A) +3HNC(15) Ha9—Ng—Cs (B)
23 - 1585 1588 1619 1584 vCC(42) C13—Cy4,C13—C14,C13—C14 (C)
24 1579 1576 1588 1616 1581 vCC(55) C4—C,,C1—Cq,C3—C4,C4—C5,C11—C12,C14—Cy5 (AC)
25 1562 1567 1570 1602 1567 VCC(62) C19—C24,C22—C23,C21—C22,C19—Cy (D)
26 - 1558 1558 1587 1552 SHNC(45) H34—N;16—Cq3 +vCC(15) C13—Cy4 (C)
27 1525 1513 1515 1558 1524 vCC(36) Cg—Cyo +VNC(16) Ng—Cg (B) +3HNC(11) H29—No—Cs (B)
28 1498 1504 1503 1539 1505 dHCC(46) H3g—C24—C19,H35—C20—C19 (D) +VCC(11) C19—C20,C19—Co4 (D)
29 1483 1477 1479 1514 1481 SHNC(26) H34—N;6—Cq3 +3HCC(25) H33—C15—Cy0,H32—C14—C3 (C)
30 - 1477 1479 1510 1477 SHCC(36) Hyg—C5—C4,H30—C11—Cq2 (A,C) + SHNC(13) Ha9—No—C; (B)
31 — - 1479 1509 1475 OHCH(76) Hao—C39—Ha1,Haa—Ca2—Has,Ha3—Caz—Has,Ha3—Cao—Has
32 - 1468 1456 1496 1463 SHCH(78) Ha3—Ca2—Haa,Ha3—Ca2—Has
33 - - 1456 1495 1462 SHCC(45) Hy5—C6—Cs,Ha7—C4—C3, Hag—C3—C, (A) +3CCC(11) C,—C;—Cg (A) +VNC(10) No—C,
34 1454 1459 1456 1491 1458 OHCH(85) Hao—C39—Ha1,Haa—Ca2—Has
35 1435 1432 1434 1465 1433 OHCC(45) Hy—C5—Caq,Ha7—C4—C5,H31—C12—C11 (A,C) +3HNC(26) Hag—Ng—Ca,H29—No—Cg (B)
36 1410 1414 - 1447 1415 vCC(44) C11—C12,C14—Cy5 (C) +3HCC(11) H3p—Cy4—Cy5,H33—C15—Cy4,H30—C11—Ci2,H31—C12—Cy1 (C)
37 1405 1404 1438 1406 vCC(48) Ca3—C24,C20—Ca1 (D) +3HCC(25) H3g—Ca4—Ca3,H35—Co0—Ca1 (D)
38 — 1378 1377 1410 1379 OHCC(66) Hyqa—Ca2—C39 +OHCH(15) Haz—Caz—Has
39 - 1360 1353 1393 1363 SHNC(19) Hy9g—Ng—Ca,H29—Ng—Cg (B) +0HCC(20) Hy5—Cg—Cy,Ha7—C4—Cs (A) +vCC(17) Cg—Cqp +VCN(17) Cg—Ng
40 - 1342 1342 1354 1324 OHCC(28) H35—C30—Ci9,H33—C24—C9 (D) +3HCC(26) Ha1—C39—Co2
41 — 1333 1335 1350 1320 OHCC(53) Hap—C39—Ca2,Ha0—C39—Caz + SHCC(12) H35—C0—C19,H38—C24—C19 (D)
42 1314 1315 1313 1342 1313 SHCC (35) H33—Cq15—Cq0, H30—C11—Cq0, H31—C12—Cq1 (C) +3NCC (27) N1g—Cy3—Cy4
43 - 1306 1313 1334 1304 SHCC(46) H3g—Ca4—Cq9,H36—Ca1—Ca2,H37—Ca3—Ca4,H35—Co0—C21 (D) +VvCC(14) C21—Ca2,C23—Ca4 (D)
44 - - 1313 1331 1302 vCC(43) C;—C,,C1—C6,C4—C5,C2—C3,C5—Cq (A)+ vCC(19) Cg—Cyo +3HCC(10) Hoe—Cs5—Cy,Hag—C3—Cyq (A)
45 — 1297 1288 1327 1298 VCN(42) C13—Nyg +vCC(37) C10—C11,C10—C15,C12—C13,C13—C1a (C) + SHCC (11) H37—Ca3—Ca4 (D)
46 - 1252 1252 1285 1257 VNC(29) No—C; (B) + dHCC(19) Hy5—C6—Cy (A) + INCC(12) Ng—Cy—C5 +8HNC(11) Ha9—No—C; (B)
47 1249 — 1244 1277 1249 SHNC(49) Hy9—Ng—Cg +3HCC(19) Ha5—Cs—Cq,Hag—C5—C; (A) +VNC(10) No—C; (B)
48 1241 1243 1244 1271 1243 SHCC(36) Hgo—C39—Cy2,H40—C39—Ca2 +OHCH(11) Hy3—Cgp—Haq,H43—Cyp—Hys
49 - 1234 1226 1267 1239 VCN(31) Cy3—Nyg +VCN(15) C;—Ng (B) +3HNC(12) Hy9—Ng—C; (B) +vCC(10) C17—Cy9 (C)
50 1228 1225 1226 1254 1227 vCC(35) C47—Cy9 +VNC(13) N1g—Cy7 +OHNC(12) H34—N16—Cq3 +0HCC(10) H36—C21—C20,H31—C12—Cy1 (D,C)
51 1198 1198 1199 1227 1200 vCC(64) Co2—C39,Ca3—Caq +OHCC(13) H3g—Ca4—Ca3,H35—C20—Ca1 (D)
52 1183 1189 1180 1215 1188 SHCC(23) H3g—C11—C12, H31—C12—C11, H32—C14—Cyq5 (B) + VNC(12) Ng—Cg +SHNC(10) H34—N;6—Cq3
53 - 1180 1180 1207 1181 SHCC(87) H35—C0—Ca1,H36—Ca1—Ca0,H38—Co4—Ca3, H37—Ca3—Ca4 (D)
54 — 1162 1158 1192 1165 dHCC(36) H33—C15—C14,H32—C14—Cy5 (C)+ INCC(14) Ng—Cg—C1o
55 1154 1153 - 1181 1155 SHCC(65) Hag—C5—Caq,Ho7—C4—C5,H25—C6—Cs (A)
56 1123 1126 1130 1148 1123 SHCC(25) H3p—C14—Cq5,H33—C15—Cq4,H31—C12—C11,H30—C11—C12 (B) +3HNC (12) Hy9—Ng—Cg (B)
57 - 1117 1144 1119 dHCC(41) Hyg—C5—C4q,Hp7—C4—Cs5,H26—C5—Cg (A) +VvSC(15) C;—S7 +vCC(10) C;—C,
58 — 1117 1105 1143 1118 OHCC(43) H37—Ca3—Ca2,H36—C21—Ca2,H35—C20—C19,H38—C24—Ci9 (D)
59 — 1090 - 1115 1091 VNC(53) N1g—C17 +8HCC(17) H35—C20—Ci9,H38—C24—C19 (D) +3CCC(16) C17—C19—Ca0
60 - 1054 1053 1079 1055 SHCC(42) Hy3—C42—C39,H44—C42—C39,H45—C42—C39
61 — - 1053 1074 1051 vSC(49) C1—S7 (B) +vCC(12) C;—C3,C1—Cq (A)
62 1048 1045 1053 1068 1044 SHCH(35) Hy3—C42—Haq,Ha3—Ca2—Hys +OHCC(19) Hyo—C39—Can,Hg1—C39—Can
63 1015 1018 1018 1042 1019 3CCC(70) C3—C4—C5,C4—C5—Cg (A)+3HCC(12) Hyg—C3—Cyq,Hps—Cs—Cs5,H26—C5—Cy (A)
64 1015 1009 1012 1034 1012 dCCC(72) C19—C20—C21,C20—C21—C22,C22—Ca3—Ca4q (D) +0HCC(12) H3g—Ca1—Ca0,H38—C24—Ca23 (D)
65 985 982 987 1008 986 3CCC(55) C10—C11—C12,C10—C15—Cq4 (C) +0HCC(14) H33—C15—C14,H31—C12—Cq1 (C)
66 967 973 966 994 972 YHCCC(80) H35—C0—C21—C22,H36—C21—C20—Cy9 out of H (D)
67 - 946 947 970 949 vCC(82) C39—Ca2
68 — — 947 969 948 "{HCCC(75) H31*C12*C11*C10,H30*C11*C12*C13 out of H (C)
69 - - 947 966 945 YHCCC(87) Hyg—C5—Cy—C3,Hy7—C4—C3—C; out of H (A)
70 - - 947 965 944 ’YHCCC(79) H3g—C34—C19—Cy0,H37—C23—C22—Cy1 out of H (D)
71 — 937 937 961 939 vSC(36) S;—Cg (B) +3HNC (19) Hao—No—Cs (B)
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Table 5 (continued )

Raman Infrared PED (%)¢

No. Exp.® Calc.®  Exp. Calc.
Unscld.?  Scld.>®

72 902 910 897 929 908 YHCCC(78) H33*C15*C10*C8,H32*C14*C13*C12 out of H (C)
73 - 901 897 922 902 YHCCC(82) Hy6—C5—C4—C3,H27—C4—C5—Cg, Ha5—Cs—C1—S7, Hag—C3—C2,—Ng out of H (A)
74— 883  — 904 884 3NCO(47) Nig—C17—015 +3CNC(11) C13—N16—Cy7 +vCC(10) C17—Cig +VNC(10) Nyg—Cyy
75 841 855 867 848 ’YHCCC(Sg) H36—C21—Czo—c19,H35—C20—C21—C22 out of H (D)
76 841 847 855 866 847 dCCC(32) C4—C5—Cg (A) +3CCC (10) C10—C11—Cr2,C10—C15—Ci4 (C)
77 - 829 839 847 829 YHCCC(65) H3s—Ca0—C19—C17,H36—Ca1—Car—Cag,H3g—Caa—C19—C17,H37—Ca3—Can—Csg out of H (D)
78 823 820 822 837 818 YHCCC(93) Hag—C3—Cr—Cy,Has—Ce—C1—Ca,Hag—Cs—Cs—Cy,Hay—C4—C3—C5 out of H (A)
79 — 811 — 829 811 VCN(ZZ) C13*N16 +VCC(16) C12*C13'C13*C14 (C) +YHCCC(1]) H33*C24*C19*C20,H37*C23*C22*C21 out of H (D)
80 788 784 784 794 776 THCCH(58) H40—C39—Ca2—Haa,H41—C39—C42—Has
81 771 775 770 793 775 YHCCC(69) H3g—Cy1—C1o—Cs,Hs1—C12—C3—Nq6,H33—C15—Cqo—Cs,H3a—Cr4—Cy3—Nyg out of H (C)
82 771 — 770 787 770 YHCCC(57) Hgo*C]1*C]Q*Cg,Hg]*C]z*C13*N16,H33*C15*C10*C8,H32*C14*C13*N15 out of H (C)
83 771 766 770 785 768 YHCCC(76) H30*C11*C]()*CS,H31*C]z*C]g*N16,H33*C15*C10*C3,H32*C14*C13*N16 out of H (C)
84 - 757 756 770 753 YONCC(70) O15—N;6—C17—C19 +THCCC(10) Coa—Ca0—Cio—Cr7 (D)
85 726 721 727 743 727 YHCCC(89) Has—Cg—Cs—CygHa7—Ca—C3—Ca,Hag—C3—Ca—Cy,Hag—Cs—Ce—Cy out of H (A)
86 710 - 698 713 697 YCCCC(GG) C10*C11*C12*C13,C10*C15*C14*C13VC3*C2*C1*C6 out of C (C'A) +YONCC(14) O]g*N16*C17*C19
87 - 694 698 710 694 VSC(46) C1—S7 +3CCC(25) C—Ci—Ce,C3—Ca—Cs (A)
88 — — 698 708 692 ’YOCNC(SZ) O]g—clg—N]e—c17 +YHCCC(22) H37—C23—C22—C21,H35—Cz]—sz—C23 out of H (D)
89 677 685 - 703 687 TCCCC(78) C1—Co—C3—C4,C5—C—C1—C2,C10—C11—C12—C13,C10—Ci5—C14—Ci3 (AC)
90 - 667  — 682 667 VSC(37) S;—Cs +ONCC(15) No—Cg—Cio
91 652 649 648 656 642 3CCN(30) C12—C13—N16,C3—Co—Ng +3CCC(16) C4—Cs5—Ce,C11—C12—Cr3 (A,C) +OCNC(10) C;—No—Cs
sy - 630 652 638 3CCC(77) C19—Ca0—Ca1,C19—Caa—Cas (D)
93 629 631 623 642 628 dCCC(63) C10—C11—C12,C10—C15—C14 (C)
94 - 595 597 616 602 3CCC(25) Ca2—C9—Ca2,C20—Ca1—C22,Car—Caz—Cag (C) +3CCC(12) Co3—Cao—Cay (D)
95 - 559 562 573 560 YHNCC(57) H34—N16—C;13—Cy2 out of N
996 553 550 553 560 547 YHNCC(60) H34—N16—Cy3—Cj2 out of N
97 549 532  — 543 531 TCCCC(80) C3—Cq—Cs—Ce,C1—Ce—C5—Ca (A) +yCCCN(11) Cs—C1—Co—Ng (B)
98 506 505 509 521 509 TCCCC(21) C19—C0—C21—C22,C19—C24—C23—Co2 (D)
99 — 487 481 501 490 YHCCC(GS) H30*C11*C10*C15, H31*C12*C11*C10, H32*C14*C15*C10 out of H (C)
100 468 469 469 497 486 3CSC(52) C—S7—Cs (B) +3SCN(13) S7—Cs—Ng (B)
101 458 451 451 473 462 TCCCC(28) Ca3—Cap—Cs9—Caz
102 440 433 435 425 416 TCCCC(48) C3—C,—C1—C6,C4—C3—Co—C4 (A)
103 — 424 422 423 413 TCCCC(61) C—C1—C—C5,C4—C3—Co—C4 (A)
104 411 415 411 416 407 TCCCC(82) Caa—Ca1—C0—C19:C20—Ca1—Caa—C23,C10—C15—Cra—Ci3 (D,C)
105 - 406 411 416 407 TCCCC(86) Cs—C10—C15—C14,C10—C15—C14—C13,C22—C21—C20—C19 (CD)
106 — 379 — 386 378 YSCNC(22) S7—C10—Ng—Cg +TCCNC(10) C12—C13—N16—Cy7
107 - 361 - 369 361 SCCN(50) C14—C13—Ny6 +ONCO(20) N16—C17—018
108 - 352 — 362 354 3CCC(28) Ca2—C39—Ca2,C17—Cio—C20,Ca3—Car—Cso
109 — 334 - 339 332 THCCC(44) Hy3—C42—C30—Cop
110 308 307 — 313 306 3CNC(16) C13—N16—C17,Ca—Ng—Cg +3CCC(12) C17—Crg—Caa +THNCC(10) Hag—Ng—Co—Cy
111 302 298  — 300 293 *NCCC(39) Ng—Cg—C1o—Cys +tHCCH(16) Hao—C39—Car—Haz
112 284 280 - 287 281 TCNCC(10) Cy3—Ny6—C17—Cq9 +dCCC(10) C17—C19—Ca0
113 256 262  — 268 262 THNCC(65) Hag—No—Co—C;
114 - 235 — 242 237 THNCC(18) Ha9—Ng—Cg—Cio + THCCC(17) Haz—Cao—C39—Caz
115 - 226 - 230 225 THCCC(22) Hy3—C42—C39—Ca2,Ha5—Cg—C39—Ca2 +THCCH(10) Hyo—C39—Cap—Hys
116 203 208 — 208 203 THCCC(13) Ha3—C42—C39—Co0,Ha5—Csp—C39—Cop +THCCH(11) Hg1—C39—Cao—Haa
17 - 190 - 195 191 THCCC(30) Haz—Cap—C39—Caz,Has—Car—Ca9—Can +THCCH(12) Hag—C39—Car—Haa
118 - 172 - 174 170 TSCCH(71) S7—C;—Cg—Has +TNCCH(14) Ng—Cy—C5—Hasg
119 145 136 - 140 137 TCCNC(10) C14—Ci3—Ny6—Ci7
120 — 118 — 125 122 3CNC(41) C13—Ny6—C17 +TCCNC(12) C4—Ci3—Nqg—Ci7
121 - 91 - 93 91 TCCCN(19) N1g—C17—C19—Caq +TCNCC(16) C;—Ng—Cs—Cio
122 - - - 79 77 TOCCC(36) 018—C17—C19—Ca4 +YCCNC(23) C12—C13—N16—Ci7
123 - 73 - 71 70 YCNCC(16) C13—N1g—C17—C16,Co—Ng—Cs—Crg +dCNC(14) C13—N16—Ci7
124 - 55 - 51 50 TCCCC(48) Ca1—Cao—C39—Can
125 - 46 - 44 43 TCNCC(39) C12—C13—N16—C17 +TCCNC(15) C14—C13—N16—Cy17 +TCCCC(14) Co1—Co—C39—Car
126 — 37 - 36 35 TCNCC(42) C;—Ng—Cg—C10,C13—N16—C17—C19 +TCCCC(16) C21—Coo—C30—Ca2
127 - - - 33 32 3CNC(32) C13—Ny6—Ci7 +TCNCC(19) C;—Ng—Cg—Cro +TCCNC(17) C1a—C13—Nyg—Ciy
128 - 28 - 25 25 TCCNC(49) C14—C13—N16—C17 +TCNCC(24) C;—Ng—Cs—Cy9 +TCCCC(11) Co1—Co—C39—Ca2
129 - 10 - 14 14 TCNCC(49) C13—N16—C17—C19 +TCCNC(17) C;—Ng—Cs—Cio +TCCCC(13) C17—C19—C24—C23

2 Exp.: Experimental, Calc.:Calculated, Unscld.:Unscaled, Scld.:Scaled.

b All calculated IR wavenumbers were scaled with 0.9780.
¢ PED (Potential Energy Distribution) values lower than10% were not included

d Letters in parentheses stand for the rings,i.e. (A) for ringA

3.2.1.3. C=O0 stretching modes. Carbonyl stretching (vC = O) vibra-
tion appeared as an intense band in the range of 1600—1800 cm ™"
[72]. In our previous work [37], carbonyl stretching for the similar
benzothiazole compound was reported at 1653 cm~! (IR),
1655 cm~! (Raman) and calculated at 1677 cm™". In this work,
carbonyl band (vCy7 = O1g) for BSN-009 was observed at 1655 cm™!
in IR and 1658 cm™! in Raman (Table 5), while carbonyl band

(vCy7 = Oyg) for BSN-011 was only observed at 1654 cm~! in IR
(Table 6). The corresponding carbonyl bands were calculated at
1675 cm~! for BSN-009 and 1671 cm™! for BSN-011, respectively.
Stretching mode belonging to C;7=013 was observed in Raman
spectrum at 1658 cm™! for BSN-009, whereas no band appeared for
BSN-011.
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Table 6
Vibrational wavenumbers and assignments for BSN-011.
Raman Infrared
No. Exp.? Calc.? EXp. Calc. PED (%)
Unscld.? Scld.”
1 - 3349 3347 3651 3571 VNH(100) No—Hao (B)
2 - 3304 3303 3621 3541 VNH(100) Nyg—Hsq
3 - 3169 3178 3242 3171 VCH(99) C1o—Ha1 (C)
4 - - - 3223 3152 VCH(94) Cag—Hzs,Coq—Hss (D)
5 - 3151 - 3222 3151 vCH(93) C23—H37,C24—Hss,C21—Hsg
(D)
6 - 3133 - 3205 3134 VCH(100) Cyg—Hzs,Co1—Hsg (D)
7 - 3124 - 3199 3129 vCH(92) C3—H3s,C4—H27,C5—H26,Co
—Has (A)
8 - 3115 3111 3188 3118 vCH(95) C3—H38,C4—H37,C5—H26,Cs
—Has (A)
9 - - - 3180 3110 vCH(98) C3—H35,C4—H27,C5—H26,Co
—Has (A)
10 - 3106 - 3178 3108 VCH(90) C5—Hs3,C14—Hs, (C)
11 - - - 3174 3104 VCH(98) Cz4—Hag,C23—Hz7 (D)
12 - - - 3172 3102 VCH(90) C3—Hag,Ca—Hay7,Cs—Hog.Co
—Hys (A)
13 - 3097 - 3164 3094 VCH(99) C11—Hso (C)
14 - 3079 3065 3149 3080 VCH(90) Cy4—Hs5,C15—Hss (C)
15 - 1675 1654 1709 1671 vCO(79) C17=01s
16 - 1603 1599 1634 1598 vCC(46) C32—C23,C19—C20,C20
—C21,C23—C4 (D)
17 1592 1594 1599 1632 1596 VCC(44) C10—Ca.Ca1—Caz (D)
18 1592 — 1589 1628 1592 vCC(45) C;—C3,C5—Cg,C4—C5,C3—Cy
(A) +5HNC(11) Hao—No—Cs (B)
19 - 1585 1589 1619 1583 VCC(51) Cy—Cy, Ca—Cs,C14—C15.C11
—Ci2 (AQ)
20 - 1576 1589 1616 1580 vCC(55) C1—Cq, C3—C4,C14—C15,C11
—C12 (AQ)
21 - 1549 1557 1585 1550 SHNC(44) H34—N;6—Ci3 +vCC(11)
Ci3—C14 (C)
22 — 1531 1535 1567 1533 VNO(75) N3g=040, N3g=
041 +0CC(15) C21—C22,C23—C22 (D)
23 - 1522 1520 1556 1522 vCC(25) Cg—Cq0 +VNC(11) Ng—Cg
(B) +3HNC(10) Ha9—No—C (B)
24 - 1486 1488 1521 1488 SHCC(27) Hag—Coa—Cro.Hzs—Cao
—Cig (D) +vCC(23) C19—C20,C19—Caa
(D)
25 - 1477 1478 1511 1478 VHCC(48) Hpg—Cs5—CaHs3—Cis
—C10,H36—C21—C20
(AC,D) +3HNC(13) Hag—Ng—Cs
26 - - 1478 1508 1475 SHCC(42) Hag—Cs—CaHz1—Cis
—C13,H3s—C4—Co3
(A,C,D) +6HNC(23) H34—Nq6—Ci3
27 — 1468 1457 1495 1462 OHCC(42) Hys—C—Cs,Hag—C5—Cy
(A) +3CCC(11) C;—C1—Cg
(A) +VNC(11) Ng—C;
28 — 1432 1435 1468 1436 OHCC(36) Hyg—Cs5—Cyq,Ha7—C4
—Cs,H30—C11—Cy2 (A,C) +3HNC(30)
Ha9—Ng—Cz,H29—Nog—Cs (B)
29 - 1423 - 1452 1420 vCC(45) C11—C12,C14—Ci5
(C) +0HCC(24) H32—C14—Cy5,H33
—C15—C14,H30—C11—Cy2 (C)
30 - 1396 1408 1431 1400 vCC(43) Ca3—C24,C20—Coq
(D) +0HCC(24) H3g—C24—Cy3,H3s
—C0—Cy1 (D)
31 - 1360 - 1394 1363 OHNC(18) Hyg—Ng—Cp,H9—Co—Cg
(B) +5HCC(37) Ha7—Ca—Cs,Har—Ca
ZC3 (A) +vCC(12) Cg—CrovCN(10)
Cs—No
32 - 1324 1347 1356 1326 vCC(69) C19—C20,C19—C24,C20
—C21,C21—C22,Co3—Ca4 (D)
33 - 1315 1312 1348 1318 VNO(54) N39—040, Nsg—
041 +0CCH(19) H31—C12—Cq1,H3o
—C11—C2 ()
34 - 1306 1312 1338 1309 SHCC (33) Ha3—C15—Cro,H31—Ci2
—C11 (C) +3NCC (14) N1g—C13—C14
35 - - 1312 1332 1303 vCC(55) C1—C;3,C1—C6,C4—Cs

(A) +vCC(20) Cg—Cyo +OHCC(13)
H6—Cs—C4 (A)
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No.

Raman

Exp.

Calc.®

Infrared

Exp.

Calc.

PED (%)¢

Unscld.”

Scld.

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

1297

1261

1252

1243

1216

1198

1171

1162

1153

1126

1117

1108

1090

1081

1054

1018

1000

991

982

964

946

937

910

910

883

1288

1288

1260

1252

1228

1184

1162

1162

1112

1102

1073

1014

1014

991

991

969

944

944

944

900

900

1325

1321

1285

1279

1270

1239

1220

1202

1192

1182

1150

1146

1131

1116

1110

1075

1042

1028

1008

1006

982

970

970

963

933

926

906

1296

1292

1257

1251

1242

1212

1193

1176

1166

1156

1125

1121

1106

1091

1086

1051

1019

1005

986

984

960

949

949

942

912

906

886

dHCC(64) H35—C20—C21,H37—Ca3
—C24H36—C21—Coo, H36—C21—Ca2,
H3g—C24—C>3 (D) + VCN(10) Cz»
—N3g

VCN(40) C13—Ny6 +3HCC (31) H3s
—C20—C21,H37—Ca3—Cag

(D) +vCC(10) C10—C11,C12—Cy3 (C)
YNC(27) No—C; (B) +3HCC(20) Has
—Ce—C; (A) +3NCC(13) No—C,
—C3 +3HNC(10) Hy9—Ng—C; (B)
SHNC(40) Ha9—Ng—C,

(B) +3HCC(20) Hag—C3—CaHay—Ca
—Cs (A) +VNC(12) Ng—C5 (B)
VCN(40) C13—Ny6 +VCN(16) C,—Ng
(B) +3HNC(10) Hyg—No—C;

(B) +vCC(10) C17—C19 (C)

VCC(23) Cy7—Cyo +VCN(18) Cyy
~Nis +OHNC(14) H34—Nig

—Cy3 +8HCC(10) H36—C21—Ca0,H3q
—C12—C41 (D,C)

SHCC(36) H3o—C11—Cro0.H31—Ci2
—C11 (B) +VNC(13) Ng

—Cg +0HNC(10) H34—N1—C13
SHCC(78) H35—C20—C21,H36—C21
—Ca0,H38—C24—Ca3,H37—C23—Ca4 (D)
OHCC(25) H33—Cy5—Cy4,H32—Ci4
—C;5 (C) +INCC(12) No—Cg—Cio
SHCC(79) Hag—Cs—Ca,Har—Ca
—Cs,H5—C6—Cs (A)

OHCC(29) H3,—C14—Cys, H33—Cy5
—Ci14,H31—C12—Ci1,H30—C11—Cr2
(B) +3HNC (14) Hyo—Ng—Cg (B)
SHCC(42) Hag—C3—Ca Ha7—Cs
—Cs,H6—C5—Cg (A) +vSC(13) G4
—S5 +VCC(1 1) -G

SHCC(66) H3g—Ca4—Ca3,H37—Co3
—Co4,H36—C21—Ca0,H35—C20—C21 (D)
VNC(40) N3g—Ca2 +VCN(14) Nyg
—Cy7 +0HCC(11) H36—C21—Cy2 (D)
dCCC(66) Co0—Ca1—Ca2,Co2—Ca3—Cag
(D) +VNC(11) N3g—Ca3 +VCN(10)
N16—Ci7

VSC(49) C;—S7 (B) +vCC(11) C;
—C,C1—Cs (A)

9CCC(73) C3—Ca—Cs,Ca—Cs

—Cg +O0HCC(12) Hpg—C3—Cy,Hp4—Cs
—Cs,Hy6—Cs—C4 (A)

3CCC(68) Cro—Ca0—Ca1,.C20—Cat
—C2,C22—Co3—Ca4 (D) +3HCC(17)
H36—C21—Ca0,H33—C24—Co3 (D)
5CCC(50) C10—C11—C12.C10—C‘15_C‘14
(C) +dHCC(15) H33—Cy5—Cra,H31
—C12—Cy1 (C)

YHCCC(87) H35—C20—C21—Ca2,H36
—Cy1—Co0—Cy9 out of H (D)
YHCCC(85) H37—C23—C22—Ca1,Hsg
—C4—Cy3—Cy; out of H (D)
YHCCC(SQ) Hzﬁ*Cs*C4*C3,H27*C4
—C3—C; out of H (A)

YHCCC(86) H31—C12—C11—Cy0,H30
—C11—C12—Cq3 out of H (C)
VSC(34) Cg—S+(B) +OHNC (18) Hag
—Ng—Cg (B)

YHCCC(92) H33—C15—Cq90—Cg,H32
—Cy4—Cy3—Cy2 out of H (C)
YHCCC(94) Hyg—Cs5—Cy4—C3,Ha7—Cy
—C5—Cg,Ha5—C6—C1—S7,H28—C3—C2
—Ng out of H (A)

5NCO(49) N16—C17—01s +5CNC(19)
Ci3—Ny3—Cy7 +VCC(11) Cy7

*C]g +VNC(1]) N167c17

(continued on next page)
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No.

Raman

Exp.

Calc.®

Infrared

Exp.

Calc.

PED (%)“¢

Unscld.”

Scld.”

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

862

839

839

856

847

838

829

820

775

766

748

730

712

703

694

685

667

658

622

559

550

532

523

514

866

853

853

829

829

777

765

732

713

697

697

697

678

644

620

620

552

534

534

503

879

867

865

847

839

827

795

787

763

746

728

713

711

710

705

685

675

647

643

640

575

567

542

541

517

860

848

846

828

821

809

778

770

746

730

712

697

695

694

689

670

660

633

629

626

562

555

530

529

506

YHCCC(78) H3g—C21—C20—C19,H3s5
—C0—C21—Cy; out of H (D)
3CCC(33) C4—Cs—C (A) +5CCC (15)
C10—C11—C12,C10—Ci5—Cr4 (CO)+
SONO(13) 040—N39—049

dONO(41) 0490—N39—040 +0CNO(11)
C22—N39—040,C22—N3g

—041 +VCN(10) C22—N3g
YHCCC(82) H35—C20—C19—C17,H36
—C21—C22—C39,H38—Co4—Cio
—C17,H37—C23—C32—C39 out of H (D)
YHCCC(90) Hys—Cs—Ca—Cr,Has—Cs
—C;—Cy, Hy6—C5—C—Cq,Hy7—C4—C3
—C; out of H (A)

VCN(39) Ci13—Nyg +VCC(20) Ci2
—C43,C13—Cy4 (C) +YHCCC(10) Hag
—C24—C19—C20,H37—C23—C—Ca1
out of H (D)

YHCCC(86) H3p—C11—C10—Cg,H3;
—C12—C13—N1gH33—Ci5—Cio
—Cg,H32—C14—Cq3—Ny6 out of H (C)
YHCCC(86) H30—C11—C10—Cs,H31
—C12—C13—N1gH33—C15—Cio
—Cg,H32—C14—Cy3—Nj6 out of H (C)
YONCC(79) O18—N16—C17

—Cy9 +THCCC(18) C24—C30—C19—Cy7
(D)

YHCCC(86) Hps5—Cs—Cs5—Caq,Hp7—Cy
—C3—C5,Has—C3—Co—Cy,Ha6—C5—Co
—C; out of H (A)

OCNO(17) Ca3—N39—040,C22—N3g
—041 + 0CCC(15) C19—C20—C21,C1
—C22—C23,C19—Co4—Co3

(D) +3CCN(14) Cz1—Ca2

—N3g9 +VvCC(13) C21—C22 (D)
TCCCC(44) C10—C11—C12—C13,Cr0
—Ci5—C14—C43,G—C—C1—Cg

(C,A) +YONCC(19) O18—N16—C17
—Cio

vSC(27) C4—S7 +dCCC(23) C—C4
—C6,C3—C4—Cs (A)

YONOC(60) O40—N39—04;

—Cy2 +YHCCC(29) H37—Co3—Ca2
—C31,H36—C21—C2—Ca3 out of H (D)
TCCCC(78) C1—Co—C3—C4,C5—Co—C4
—C3,C10—C11—C12—C13,C10—C15—Cia
—Ci3(A0)

VSC(26) S;—Cg +ONCC(17) No—Cg
—Cio

YONCC(59) 015—N16—Cy7

—C19 +7CCCC(30) C17—C19—Cxo
—C21,C17—C19—Ca4—C23 (D)
dCCN(51) C1—Cy3—Ny6,C3—Co

—Ng +0CCC(17) C4—C5—Cs,C11—C12
—Cy3 (AC) +3CNC(11) C—Ng—Cs
3CCC(72) C19—C24—C23,C19—C0—Ca1
(D)

5CCC(7]) C11—C12—C13,C10—Ci5—Cig
(©)

YHNCC(66) H34—N;6—Cy3—Cy2 out
of N

YHNCC(37) Hs4—Nqg—Ci3—Ci out
of N

7CCCC(79) C3—Ca—Cs—Co,C1—Co—Cs
~C4 (A) +YCCCN(10) Co—C1—Co—No
(B)

YHNCC(32) H34—N36—Cy13—Cq2 out
of N +6CCN(5]) C23*C22*N39
OCNO(41) Co3—N39—040,Co2—N3g
—041 +0CCO(14) 0158—Cq7

—Ci9 +0CCN(10) C31—C2—Ns3g
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13

Raman Infrared
No. Exp.? Calc? Exp. Calc. PED (%)
Unscld.? Scld.

88 — 496 — 505 494 YHCCC(75) H30—Cq1—C10—Cy5 out of
H (C) +CCCS(10) S7—Cs—Cro—Cis
©)

89 . 487 483 498 487 3CSC(57) C1—S7—Cs (B) +0SCN(12)
S7—Cs—Ng (B)

9 - 451 459 461 451 YHCCC(20) Hg—Ca1—Caz—CosHas
—C4—Cy3—Cy; out of H (D)

91 - 424 422 431 422 dSCC(18) S7CgCqp +OCNC(12) Cq3
—Ny6—Cyy +ONCC(10) No—Cs—Cro

) 411 415 411 425 416 ©CCCC(44) C3—Cy—Cy—Ce,Ca—C3—Cy
—Ci (A)

93 411 406 411 421 412 TCCCC(92) Co2—C21—C20—C19,Ca2
—C23—C4—Cy9 (D)

94 411 - 411 417 408 ©CCCC(32) C10—C11—Cia—Ci8,Cro
—C15—C14—Cy3 (C)

95 - 397 - 404 395 3CCC(29) C17—Cig—Caa +ONCC(13)
N16—C17—Ci9 +3CNO(12) C22—N3g
—040 +3CCS(10) Cs—C1—S7

9% - 379 - 389 380 YSCNC(52) S7—C1o—No
~Cg +TCCNC(11) C12—C13—N16—Ci7

97 - 361 - 370 362 8CCN(33) C14—C13—Nig +ONCO(33)
Ni6—C17—018

98 - 316 - 319 312 3CNC(37) C13—Ni6—Cry +3CCC(14)
C17—C19—Cy0 +ONCS(12) Ng—Cs—S7

99 - 298 - 305 298 TNCCC(50) Ng—Cg—C10—Cy5

100 - 280 - 289 283 TCNCC(10) Cy3—Ny—Ciy
~Cig +OCCN(10) Co3—Css
“N39 +3CCC(10) C17—Cro—Cao

101 - 271 - 275 269 THNCC(48) Hag—Ng—Co—C;

102 - 262 - 269 263 THNCC(21) Hag—No—Cg—Cro

103 — 244 — 249 244 1CCCC(35) C;—C6—Cs
—C4 +THNCC(16) Hao—Ng—Cg
—Cyo +TCNCC(11) Cr3—N16—Ciy
—Cio

104 - 226 - 234 229 TCCCN(56) C4—C3—C;,

—Ng +YSCNC(13) Sy—C10—No—Cg

105 . 181 . 189 185 SCCN(55) C21—Cas—Nag +3CCC(15)
C17—C19—Nzg +3CCN(13) C14—Cy3
—Ny6 +NCC(10) Ng—Cs—Cro

106 — 172 - 176 172 1SCCH(67) S7—C1—Cg
“Hys +tNCCH(11) No—Co—C3—Hag

107 — 136 — 136 133 TCCNC(34) C14—C13—Ny16—Cq7

108 - 127 - 133 130 BCNC(11) C13—N6—Cr7 +tCCNC(10)
C14—Cy3—Ny—Cy7

109 - 91 - 92 90 TCCCN(43) N1g—C17—Cio
—Cyq +7CNCC(26) C,—Nog—Cg—Cro

110 - 82 - 81 79 ©OCCC(49) O15—Cr7—Cro
—C4 +YCCNC(11) C12—Cy3—Nys
—Cy7

111 - 64 . 71 69 YCNCC(13) C13—Nig—Ci7
~C19+3CNC(13) C13—N16—C17

112 — 55 — 56 55 TCCNO(78) C21—C22—N39—040,C21
—C22—N39—044

113 — 46 — 41 40 TCNCC(53) C12—C13—N16—C17,C14
—Ci3—Nig—Ci7

114 - 37 — 38 37 TCNCC(34) C;—Ng—Cg—C10,C13—Nig6
—Cy7—Ci9 +0CNC(12) C;—No—Cg

115 — 28 — 30 29 dCNC(22) C43—N16—Cy7 +TCNCC(15)
C3—Ng—Cg—Cqp +TCCNC(13) Cq4
—C13—Ni5—Cy7

116 — 19 — 21 21 TCCNC(61) C14—C13—Nyg
—Cq7 +TCNCC(16) C;—Ng—Cg—Cqp

117 - 10 - 12 12 TCNCC(34) C13—N16—Cq7
—Cq9 +TCCNC(21) C;—No—Cg
—Cq0 +TCCCC(10) C17—C19—Co4—Cy3

2 Exp.:Experimental, Calc.:Calculated, Unscld:Unscaled, Scld.:Scaled.

b

All calculated IR wavenumbers were scaled with 0.9780.
PED (Potential Energy Distribution) values lower than 10% were not included.
Letters in parentheses stand for the rings, i.e. (A) for ring A.
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Fig. 7. The experimental and calculated IR spectra of BSN-009 (1).
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Fig. 8. The experimental and calculated IR spectra of BSN-011 (1).
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Fig. 9. The experimental and calculated Raman spectra of BSN-009 (1).
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Fig. 10. The experimental and calculated Raman spectra of BSN-011 (1).
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3.2.14. N=O stretching modes. The stretching vibrations of nitro
(-NO,) group (VN = O) were reported within the range of 1580-
1345 cm ! in substituted nitrobenzenes [72]. The bands calculated
at 1533 (observed at 1535 cm~') and 1318 cm~! (observed at
1312 cm™!) in IR spectrum of BSN-011 were attributed to the N—0
stretching modes (Table 6). Since BSN-011 does not have any nitro
moiety, no IR mode was observed. In addition, Raman spectrum of
BSN-011 did not exhibit any Raman active nitro group stretching
mode.

3.2.1.5. C—N and C=N stretching modes. The C—N stretching vi-
brations were calculated in the range of 1524-809 cm™! for both
compounds with decreasing wavenumber order; vCg-Ng>vCa-
Ng>vCy3-N16>vCy7-N1g (coupled with CC stretching, CCH and CNH
in-plane bending and the other modes). While the most dominant
C—N stretching mode (C17—Njg) was observed at 1226 cm~! in IR
spectrum (1228 cm™! in experimental Raman) of BSN-009 (PED:
31%) and these modes were coupled with some CCH in plane
bending vibrations (see 3.2.2. section) even by contribution values
between 10 and 16% (mode numbers 27, 33, 39, 47 and 50 in
Table 5), they were also added as contribution to this stretching
mode and presented here. IR active C=N stretching modes for BSN-
009 were observed at 1515, 1456, 1353, 1244, 1226 and 1180 cm ™.
In Raman spectrum of BSN-009, only Raman active modes for this
stretching mode were at 1525, 1249 and 1183 cm™. In addition,
from the calculated Raman spectra for BSN-009, we could deter-
mine these bands at 1513 and 1189 cm™". In contrast, for BSN-011,
this stretching mode was not active in its Raman spectrum.
Moreover, only the most dominant N—C stretching mode repre-
sents the bond which links the ring C to ring D (N16—C17) was not
observed in any experimental vibrational spectra, but calculated at
1090 and 1091 cm™~! (PED: 53% and number of the mode is 59 in
Table 5) in theoretical Raman and IR spectra for BSN-009. This
mode was also coupled with CC stretching observed at 1226 cm™!
(experimental IR, mode number is 50 with PED of 13%) and 3NCO
(in-plane NCO bending) calculated at 884 cm™! (IR, mode number
is 74 with PED of 10%). As for BSN-011, stretching mode (N1g—C17)
was coupled with various stretching (C;7—Cy9 calculated at
1212 cm™! (IR) and N3g—Cyy calculated at 1091 cm™! (IR) with
corresponding mode numbers 41 and 49, respectively) and bending
modes (Cy0Ca1Can observed at 1073 cm~! in IR spectrum (mode
number 50). C=N (CgNg) stretching mode for BSN-011 was
observed at 1520 cm™~! in IR spectrum (not Raman active, ca. Ra at
1522 cm™ ). Arjunan et al. [50] observed the C=N stretching mode
at 1513 cm~! (IR), 1516 cm™! (Raman) and calculated at 1523 cm™!
for 2-benzothiazole acetonitrile. In this study, corresponding band
is observed at 1515 cm™! (IR), 1525 cm ™! (Raman) and calculated at
1524 cm~! for BSN-009; at 1520 cm ™! (IR), (no Raman band) and
calculated at 1524 cm~! for BSN-011. These results are in consistent
with our observations.

3.2.1.6. C-S stretching modes. The bands observed at 1117, 1053,
937 and 698 cm™! in experimental IR for BSN-009 and 1112, 944,
697 and 678 cm~! in IR for BSN-011 were assigned to C—S
stretching vibrations. On the other hand, one of these modes was
coupled with a CCH in-plane bending mode (PED: 41% with mode
number 57). These vibrational modes were calculated at 1119, 1051,
939, 694 and 667 cm~! for BSN-009 and 1121, 1051, 942, 695 and
670 cm™~! for BSN-011. None of these stretching modes were active
in experimental Raman spectra, but corresponding modes were
calculated at 937, 694 for BSN-009 and 1117, 1054, 944 and
678 cm™! for BSN-011.

3.2.2. Bending (in-plane and out-of-plane) and torsional modes
3.2.2.1. Aromatic CCH in-plane bending modes. CCH in plane

bending vibrations (3CCH) for BSN-009 and BSN-011 within A, C
and D ring were observed in 1503-1053 cm~! and 1488-1102 cm™!
regions in IR spectra, respectively. For BSN-009, corresponding
calculated wavenumbers for these related bending modes in
theoretical Raman spectra were at 1504 (observed at 1498 cm™! in
experimental (exp.) Raman (Ra) spectrum), 1477, 1378, 1342, 1315
(1314 cm™ !, exp. Ra), 1306, 1243 (observed at 1241 cm ™! in exp. Ra),
1189 (1183 cm ™! exp. Ra.), 1180, 1126 (observed at 1123 cm™! exp.
Ra.) and 1054 cm™ . In addition, CCH in plane bending vibrations in
theoretical Raman spectrum for BSN-011 were also calculated at
1486, 1432, 1306, 1297, 1198, 1162, 1153, 1126, 1117 and 1108 cm ™.
However, no experimental Raman active bands were observed for
BSN-011.

3.2.2.2. Aliphatic HCH and CCH in-plane bending modes. The ethyl
group HCH modes of BSN-009 appeared in the region of 1479-
1053 cm™ ! in IR spectrum and were calculated in the range of 1475-
1044 cm~ . The wavenumbers observed at 1377-1053 cm~! were
assigned to CCH in-plane bending modes and they were calculated
between 1379 and 1044 cm ™. The only Raman active HCH bending
mode was observed at 1454 cm~! for BSN-009. Since there is no
HCH angle for BSN-011, not any vibrational mode was observed for
this compound.

3.2.2.3. CCC in-plane bending modes of the rings. The bands
appeared at 1018, 1012, 987, 855, 630, 623 and 597 cm~! in IR and
1015, 985, 841 and 629 cm ™' in Raman spectrum for BSN-009 and
the bands at 1073, 1014, 991, 853 and 620 cm ™! for BSN-011 were
attributed to CCC in plane bending vibrations (8CCC). No Raman
vibrational mode was observed for BSN-011.

3.2.2.4. HNC in-plane bending modes. The HNC in plane bending
vibrations (3HNC) were calculated in 1591-1123 cm~! region and
were observed experimentally in the region of 1588-1130 cm™".
These modes were experimentally observed at 1558,1479,1353 and
1244 cm! for IR and only observed at 1483 and 1249 cm~! for
Raman, respectively.

3.2.2.5. CSC and SCN in-plane bending modes. The in-plane bending
vibration of CSC for BSN-009 was observed at 469 cm~' (IR),
468 cm~! (Raman) and calculated at 486 cm ™' (52% contribution of
PED) and the same mode for BSN-011 was observed at 483 cm™!
(IR) and calculated at 487 cm~! (PED: 57%). These modes are
coupled with SCN in plane bending modes.

3.2.2.6. Out-of-plane bending and torsional modes. Since the rest of
the compounds have the same geometry (Fig. 1), the most impor-
tant out-of-plane bending () and torsional modes (t) are the ones
which related to functional groups attached to two ends of both
compounds (CaHs for BSN-009 and NO; for BSN-011). These modes
are related to the Cyy, C39, Hs0, Ha1, C42, Ha3, Hgq and Hys atoms for
BSN-011 and Cy», N3g, O40 and O4; atoms for BSN-011, respectively.
YHCCC out-of-bending modes were observed in IR spectrum for
BSN-009 at 947, 897 (901 cm™ !, calculated Raman) and 822 cm™!
(observed at 823 cm~! in Raman spectrum) for the ring A (mode
numbers: 70 and 73). In IR and Raman spectra (hereafter, Ra) of
BSN-009, these modes were observed at 966 cm~! (967 cm™!, Ra),
947 cm~!, 855 cm™! (841 cm~, Ra) and 839 cm™! for ring D. The
wavenumbers assigned to these same modes were observed at
947 cm~!, 897 cm~! (902 ecm~!, Ra), 770 cm~! (771 cm™!) and
481 cm™! for ring C in BSN-009. For BSN-011, yONOC
(040N39041Cy2) mode was observed at 697 in experimental IR
spectrum (calculated at 694 with PED value of 60%) and calculated
at 694 in Raman spectrum.

Torsional modes (tTHCCC) that represent the end functional
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Fig. 11. DSC curves for BSN-009 and BSN-011.

group (ring D) of BSN-009 were only calculated at 332 cm™!
(334 cm™!, calculated Ra), 225 cm~! (226 cm™, calculated Ra) and
203 cm ! (208 cm™ ), calculated Ra and 203 cm ™! observed Ra). As
well as BSN-009, only torsional mode (tCCNO) for the NO, moiety
of BSN-011 was only calculated at 55 cm™' (55 cm ™', calculated Ra).

3.3. DSC studies

DSC was used to get information about the thermal behavior
and physicochemical properties of two potential antibacterial
agents, BSN-009 and BSN-011. DSC curves of BSN-009 and BSN-011
were shown in Fig. 11. Two sharp endothermic peaks were observed
at 234.56 and 239.87 °C corresponding to the melting of BSN-009
with the enthalpy (AH) value of 100.3 J/g, whereas only a single
endothermic peak was observed at 294.23 °C with the AH value of
76.8 ]J/g for BSN-011. These melting point data were seen to be in
consistency with the data which was previously reported to be
between 238 and 240 °C for BSN-009 and 296—298 °C for BSN-011
[29]. Furthermore, an intensive exothermic peak appeared at
411.92 °C due to the thermal decomposition of BSN-011, while the
thermal decomposition of BSN-009 was observed in the tempera-
ture range of 350—500 °C with the peak temperature of 420 °C. The
purity of both compounds was also determined by DSC and the
degrees of purities for BSN-009 and BSN-011 were found to be 95
and 94 mol%, respectively.

4. Discussion

It was previously shown that there is a strong connection be-
tween MIC values and antibacterial and antifungal activities of BSN-
009 and BSN-011 with certain control drugs and it was revealed
that both compounds are good potential compounds against
C. albicans, but not better as antifungal agents. In contrast to BSN-

009 showed better antibacterial activity against both S. aureus
isolate (s.a.i.) (MIC: 6.25 pg/ml) and Klebsiella pneumoniae (k.p.)
RSKK 574 (MIC: 25 pg/ml), BSN-011 (MIC: 12.5 pg/ml for s.a. and
50 pg/ml for k.p.) showed less antibacterial activity than BSN-009
[27]. On the other hand, our results showed that BSN-011 did not
have any violation to Lipinski’s rule of five, but BSN-009 violated
this rule by the partition coefficient of 5.42 (which should be < 5)
(Table 4). Furthermore, bioactivity scores for both compounds
given in Table 4 and it was suggested that BSN-009 acts as a GPCR
ligand, good nuclear receptor ligand and enzyme inhibitor since a
bioactivity score between —0.5 and 0 means it is moderately active.
However, even this result indicated that BSN-009 compound can be
treated as a potential candidate for bioactive application compared
to BSN-011, it still violates Lipinski’s rule of five thus, we can
eliminate this option. Since BSN-011 does not violate rule of five
and still bioactivity scores are between —0.5 and O, it can be
regarded as a potential candidate for bioactive application instead
of BSN-009.

By considering the molecular geometry is in the gas phase in our
calculations, it must be emphasized that the geometry of these
compounds might be in different forms than their solid state. On
the other hand, it is also possible to isolate compounds by matrix
isolation IR spectroscopic technique in an inert gas environment
(helium, xenon, argon etc.) and better evaluate this gas phase
computation [36]. In order to confirm this, complementary spec-
troscopic and structural investigation techniques should be con-
ducted in a systematic way anytime. One of the main advantages of
quantum chemistry calculations is that, because of its highly ac-
curate prediction of structure and vibrational wavenumbers, it is a
very powerful tool to detect subtle structural and vibrational
changes, helped by results of calculated spectra for the investigated
compound in gas phase and vacuo. Regarding our quantum
chemistry results, we can say that there is a reasonably good



18 0. Unsalan et al. / Journal of Molecular Structure 1218 (2020) 128454

agreement between calculated and experimental vibrational
wavenumbers. After conformational analysis performed on mo-
lecular structures of BSN-009 and BSN-011, six stable conformers
for BSN-009 and four stable conformers for BSN-011 were obtained.
Dipole moments of the six conformers of BSN-009 vary from 1.77 D
(conformer 1) to 6.19 D (conformer 5), whereas from 7.30 D
(conformer 3) to 9.98 D (conformer 2) for the four conformers of
BSN-011. The HOMO of both compounds is located around benzo-
thiazole moiety (mostly S atom), phenyl and amide parts, whereas
the LUMO around the entire compounds (except ethyl group for
BSN-009; mostly nitrobenzene part for BSN-011). According to the
plots depict the MEP surfaces of BSN-009 (1) and BSN-011 (1), the
electropositive regions are located over the N—H groups while the
electronegative regions are located over the oxygen atoms and
these regions can be considered as the sites for nucleophilic and
electrophilic attacks, respectively.

C3, S7, C13, C15, Cz], C23, C24 and C42 atoms for BSN-009 and C3, 57,
Cy3, C15 and Cy; atoms for BSN-011 exhibit huge negative charge,
which are donor atoms. Cy, C1g, C19 and Cy; atoms for BSN-009 and
Cy, Cy0 and Cq9 atoms for BSN-011 exhibit huge positive charges
which are acceptor atoms. While C3 atom (—0.657) has the highest
negative Mulliken atomic charge in BSN-009 compound, this atom
has the highest negative value (—0.591) after C, atom (—0.624)
where NO; group is bound in BSN-011 compound. In addition, it is
seen that Cq (1.214) atom for BSN-009 and Cy (1.051) atom for BSN-
011 have higher Mulliken atomic charges than other positive atoms.

By Raman and IR studies we performed in this study, corre-
sponding wavenumbers of the most important portions of these
compounds were successfully observed in IR and Raman spectra
and theoretically were calculated for the first time. Thus, in near
future, our results would shed light on to experimental and
modelled spectra of new derivatives and their functions and be
helpful in order to better understand their action mechanism as
drug candidates as well as their potential bioactive applications. In
general, spectroscopically we showed the differences of both
compounds and revealed that specific functional groups play
different activity which was confirmed by their vibrational spectra
and drug likeliness and bioactivity scores.

Since drug polymorphism is related to the different crystallo-
graphic structures and polymorphic transitions, any thermal
change that occurs during heating by DSC play an important role in
understanding crystallographic state and possible polymorphic
transitions of the compound under study. Detailed information on
interconversion of various polymorphs of candidate drugs is
required because the action of the drug depends on its form [47]. In
our study, we did not encounter any polymorphic transition neither
for BSN-009 nor for BSN-011, but determined their melting points,
decomposition and purity features successfully. Additionally, like
drug polymorphism, drug purity is of importance since it is not
desired to have any impurities in a drug because it will cause un-
expected interactions with drug and thus causes improper func-
tions that is not expected. Drug purities were very well discussed
previously for 115 drugs [73] by using DSC and a thorough review
with a discussion of advantages of this method was also published
[74]. Grady et al. [73] showed that DSC technique is of great value in
drug purity evaluation. It is known that peak integration, according
to the van't Hoff relationship, and Ty, values are used to test the
impurities that eventually change the melting profile of a drug.
However, even though the quantitative measurement of the “exact
amount” of impurity of a drug is difficult, DSC is capable of moni-
toring the contamination and melting nature of drugs [73—75].
Because it is known that there will be a reduction in the melting
temperature of a drug due to the impurities, determination of the
melting temperature plays a crucial role on purity in drug [58]. DSC
study of our studied compounds (Fig. 11) gave more information on

these compounds by determining the melting temperatures from
observed endothermic peaks and these melting point data were
seen to be in consistency with the data which was previously re-
ported to be between 238 and 240 °C for BSN-009 and 296—298 °C
for BSN-011 [29]. As an ideal theoretic case, a completely pure
crystalline compound should exhibit an infinitely narrow transition
peak, whereas increased broadening is an indication of impurity
[74]. Purity values of both compounds were also determined as 95
and 94 mol% for BSN-009 and BSN-011 by DSC and even it was
suggested [76] that low scanning speed (<5 °C/min, preferably 2 °C/
min) are required to determine the purity, our scanning speed was
sufficient enough to determine the purities of compounds.

5. Conclusions

Prior determination of the molecular structure and some
physicochemical characteristics of a compound and confirmation
its purity are necessary steps in order it to be decided and used as a
drug candidate. The most challenging issue in the pharmaceutical
industry is the characterization of polymorphs of any drug or drug
candidate compound. Thus, any theoretical and experimental ef-
forts to determine the possible polymorphs/conformers of com-
pounds are of importance. Besides, Lipinski’s rule of five is used as a
helpful tool in prediction of various physicochemical characteristics
of the compounds as drug candidates.

Since there are not any detailed structural, spectroscopic and
calorimetric data on BSN-009 and BSN-011, we performed IR,
Raman, DSC and quantum chemical studies together for the first
time. Our work also showed that DSC was very effective in deter-
mining the thermal behavior of BSN-009 and BSN-011. We believe
that our study will pave the way to provide some predictions to
design further antimicrobial/antibacterial compounds by comple-
mentary techniques as discussed and used in this work. In order to
further elucidate the link between the molecular geometry and
antimicrobial effects, it is obvious that new unique antimicrobial
active compounds should be synthesized and compared according
to their molecular structures and spectroscopic features. As a first
approximation, it can be speculated that drug likeliness and
bioactivity scores of BSN-011 were confirmed and this compound
would be evaluated as a good drug candidate.
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