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Abstract

In this study, a series of new condensation products L;-Ls have been synthesized from substituted pyridinecarbalde-
hydes and 2-aminobenzothiazole and characterized by FTIR, UV-Visible, 'H NMR spectroscopy and ESI-MS analysis.
Additionally, compound L; was structurally characterized through single-crystal X-ray diffraction study exhibiting four
crystallographically independent molecules in the asymmetric unit. All the synthesized compounds exhibited antibac-
terial activity against Gram-negative and Gram-positive bacteria as well as against Candida albicans ATCC 60193 and
Candida tropicalis ATCC 13803. All the compounds were optimized by using DFT-D method. Total energy values for
compounds were calculated then, the reactivity descriptors were theoretically proven by computing the HOMO and
LUMO energies. The prediction of ADME properties indicated that all of the compounds exhibit good drug-likeness and

pharmacokinetic properties.

Keywords: (E)-N-((6-methoxypyridin-3-yl)methylene)benzo[d]thiazol-2-amine; Crystal structure; Bioactivities; Com-

putational Studies; Swiss ADME.

1. Introduction

2-Aminobenzothiazole (2-ABT) has a significant
role in the synthesis of organic compounds due to the
presence of the electrophilic amino group (-NH,) which
can yield fused heterocycles.! It is an important compound
due to its high reactivity, and can be modified according to
the needs by the substitution on the benzene ring, making
such derivatives ideal for medicinal chemistry.? Riluzole is
2-ABT derivative which has been extensively investigated
for its role as a central muscle relaxant and glutamate neu-
rotransmission inhibitor since the 1950s.% Its derivatives

showed to be promising anticancer candidates, empha-
sizing targeted delivery systems to enhance efficacy and
reduce side effects.* 2-Aminobenzothiazole derivatives
have been extensively explored for antimicrobial, anticon-
vulsant, anti-HIV, analgesic, anti-viral, anti-inflammatory,
antileishmanial, antitubercular and anticancer activities.
The unique structural features of benzothiazole make
them versatile scaffolds for drug development.”>~'> The
presence of electronegative substitution such as halogen
(-X) on aromatic ring has shown potent antimicrobial and
anti-tuberculosis activities.!® Another study demonstrated
that these compounds have significant role in antifungal
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and antibacterial activities against Candida albicans, As-
pergillus niger, Staphylococcus. aureus, Streptococci, Escher-
ichia coli, and Pseudomonas.'”

Schiff base is usually obtained by treating amines
with an aldehyde or ketone, making an imine or azome-
thine functionality.!® This imine (—C=N-) group in Schiff
bases is crucial for their impressive biological activities, in-
cluding anti-bacterial, antifungal, anti-viral, anti-oxidant,
anti-leishmanial, anti-convulsant, anti-tumor, analgesic,
anti-inflammatory, anti-glutamate, anti-tuberculosis, an-
ti-diabetic, anti-malarial, anthelmintic and herbicidal
properties.!®-22 2- Aminobenzothiazol derivatives serve as
ideal precursors for the synthesis of Schiff base ligands. The
aromatic moiety significantly enhances DNA binding ca-
pacity through effective stacking interactions, contributing
to the stabilization of the DNA double helix.?* Schiff bases
derived from 2-ABT are suitable for the synthesis of metal
complexes as well. These compounds can also be used as
catalysts in various industrial applications, including po-
lymerization and fine chemical synthesis.?* Schiff bases of
2-ABT have shown potential ability as chemo-sensors for
detecting Hg>* ions, indicating interesting applications in
medicinal and environmental fields.!® Upadhyay et al. syn-
thesized three novel Schiff bases using 4,6-difluoro-2-am-
inobenzothiazole. One of those compounds N-((1H-in-
dol-3-yl)methylene)-4,6-difluorobenzothiazole-2-amine
demonstrated excellent antimicrobial activity, particularly
against fungal strains.?> Moustafa et al. synthesized a series
of compounds derived from 2-ABT showing significant
antitumor activity against HeLa cells and COS-7 cells sug-
gesting their potential as new antitumor agents.?

To develop medicinal drugs with minimum side ef-
fects, computational studies such as molecular docking,
density functional theory (DFT) and absorption, distribu-
tion, metabolism, elimination and toxicity (ADMET) are
used extensively. These theoretical methods help in pre-
diction of the geometry, interaction with specific target en-
zyme and possible pharmacokinetic, pharmacodynamics
and physicochemical significance.?’~%

Inspired by excellent biological potential of 2-amin-
obenzothiazole compounds, we have synthesized five new
Schiff bases using substituted pyridine carboxaldehydes.
All compounds were characterized using different ana-
lytical techniques including single crystal XRD, 'H NMR,
ESI-MS, FTIR and UV-Visible spectrophotometry. All
the compounds were tested for antibacterial, antioxidant
and anti-fungal activities experimentally. Furthermore,
DFT-D, molecular docking and drug-likeness studies were
applied in predicting possible biological activities.

2. Experimental

2. 1. Reagents and Materials

All the chemicals utilized in this study were obtained
from Fluka (Switzerland) and all solvents were purchased

from Merck (Germany). Both, chemicals and solvents in
current study were used without further purification. Dis-
tilled water was employed throughout the experiments.
Thin layer chromatography was performed using Silica
Gel G (Merck Index) pre-coated plates and the spots were
visualized by exposure to UV light.

2. 2. Instrumentations

The melting points of the prepared compounds
were checked by capillary tube using a Gallenkamyp, serial
number C040281, UK, an electro thermal M.P. apparatus.
FT-IR spectra of the compounds were obtained on Perkin
1,600,300 Laintrisant S.No 95,120 UK from 4000 to 400
cm~L. The UV-Visible spectrophotometer Shimadzu Mod.
UV 1800-240 V with 1.0 cm quartz cells was used for spec-
tral analysis. Bruker Avance Digital 300 MHz NMR spec-
trometer was used for 'H NMR study. ESI mass spectra
were collected on a Waters ZQ 4000 mass spectrometer
using methanol as solvent and are presented in Figures
758-9S. Suitable crystals of L; were obtained by slow evap-
oration of toluene solution. Single crystal X-ray diftrac-
tion data was collected on XtaLAB Pro II AFC12 (RINC):
Kappa single diffractometer using Mo Ka Radiation (A
= 0.71073). The crystal was kept at a temperature of 100
K (+ 2 K) and the data was collected by PLATON.* The
structure was solved by direct methods and was refined
on F? by the full-matrix least-squares method using the
SHELXL-2019 program.*!

2. 3. Syntheses of Compounds L,-L;

All the compounds L,-Ls were synthesized based on
the following method as presented in Scheme 1.

2. 3. 1. Synthesis of L,

Compound L; was synthesized by refluxing an equi-
molar solution of 6-methoxy-3-pyridinecarboxaldehyde
(0.275 g, 2 mmol) with 2-aminobenzothiazole (0.300 g, 2
mmol) in dry toluene for 3 h. The reaction progress was
continuously monitored by TLC. After 3 h the reaction
mixture was filtered, concentrated to 10 mL and kept for
crystallization at room temperature. Yellow crystals ap-
peared in 3 days. Crystals were filtered off and washed
with diethyl ether and characterized by single crystal
XRD, 'H NMR, ESI-MS, FTIR and UV-Vis spectropho-
tometry. Yellow color; m.p. 170 °C; yield: 0.413 g (77%).
UV-Vis: (1.57 - 103 M, MeOH) A,,,, = 263, 294, 350 nm.
Selected FT-IR data (solid): v,,./cm™! 3061(w), 2981(w),
2949(w), 2852(w), 1690(m), 1600(s), 1560(m), 1492(s),
1473(w), 1452(m), 1427(m), 1346(s), 1311(s), 1284(s),
1257(m), 1219(w), 1154(m), 1102(m), 1059(w), 1010(s),
861(w), 840(s), 818(w), 759(s), 723(s), 664(s), 628(w),
612(m), 527(m). 'H NMR (300 MHz, CDCl5): & 8.83 (s,
1H), 8.19-8.15 (m, 1H), 7.87-7.84 (m, 1H), 7.48 (dd, J =
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7.0, 1.8 Hz, 1H), 7.38 (dd, ] = 7.2, 1.6 Hz, 1H), 7.35 (s, 1H),
7.33 (d, J = 5.5 Hz, 1H), 7.34-7.29 (m, 1H), 6.79 (d, J =
8.7 Hz, 1H), 3.97 (s, 3H). ESI-MS: m/z calculated for [L; =
C,4H;;N;08]*: 269.06, found: [L; + H* = 270.02]".

2 mmol). The final product was characterized by 'H NMR,
FTIR and UV-Vis spectrophotometry. Yellow color; m.p.
133°C; yield: 0.427 g (79%). UV-Vis (1.57 - 10-* M, MeOH)
Amax = 263, 294, 350 nm. Selected FT-IR data (solid):

N

HQN%S

2-Aminobenzothiazole

/l 6]
= N
Br \0\\}@‘1\9{\
e Oﬂe{\\\‘-ﬁq" CH,
N ol c L /N’<:©
S g3 ) N S
[:» §'<: 2_ N“-\ 13
W @
= 3 p
O

Scheme 1. Synthetic rout followed for compounds L;-Ls.

2. 3. 1. Synthesis of L,

For L,, the same procedure was followed as for L,
but using 6-methoxy-2-pyridinecarboxaldehyde (0.275
g, 2 mmol). The final product was characterized by 'H
NMR, FTIR and UV-Vis spectrophotometry. Yellow color;
m.p. 130 °C; yield: 0.392 g (73%). UV-Vis: (1.57 - 107 M,
MeOH) A, = 263, 294, 350 nm. Selected FT-IR data (sol-
id) v, /cm™! 3075(w), 3048(w), 3001 (w), 2861(m), 1702(s),
1675(w), 1573(m), 1552(m), 1465(m), 1382(w), 1367(m),
1292(m), 1260(w), 1206(s), 1122(w), 1107(s), 1012(s),
985(w), 934(w), 847(s), 827(s), 725(m), 707(s), 626(s),
543(s), 480(s), 414(s). 'H NMR (300 MHz, CDCl5): § 9.05
(s, 1H), 8.62 (s, 1H), 8.37 (d, = 6.0 Hz, 1H), 8.35(d, ] = 6.0
Hz, 1H), 7.97 (d, ] = 6.0 Hz, 1H), 7.84 (d, ] = 3.0 Hz, 1H),
7.50-7.35 (m, 1H), 7.88 (t, ] = 6.0 Hz, 1H), 4.02 (s, 3H).

2. 3. 1. Synthesis of L;

For L;, the same procedure was followed as for L,
but using 3-methoxy-2-pyridinecarboxaldehyde (0.275 g,

Vima/cm ™! 3393(w), 3270(w), 3056(w), 2913(w), 2726(w),
1629(m), 1525(m), 1440(m), 1368(w), 1105 (m), 1068(w),
1018(w), 962(w), 917(m), 886(m), 841(w), 737(s), 715(s),
681(m), 628(w), 429(s). 'H NMR (300 MHz, CDCl;): §
9.03 (s, 1H), 8.61 (s, 1H), 8.35 (d, ] = 6.0 Hz, 1H), 7.95 (d,
J = 6.0 Hz, 1H), 7.82 (d, ] = 6.0 Hz, 1H), 7.46 (d, ] = 3.0
Hz, 1H), 7.40-7.33 (m, 1H), 6.87 (t, ] = 6.0 Hz, 1H), 4.02
(s, 3H).

2. 3. 1. Synthesis of L,

For Ly, the same procedure was followed as for L,
but using 5-chloro-2-pyridinecarboxaldehyde (0.283 g, 2
mmol). The final product was characterized by 'H NMR,
ESI-MS, FTIR and UV-Vis spectrophotometry. Yellow
color; m.p.134 °C; yield: 0.445 g (81%). UV-Vis (1.57 - 103
M, MeOH) A, = 263, 294, 350 nm. Selected FT-IR data
(solid): vy /cm™! 3390(w), 3273(w), 3059(w), 2912(w),
2725(w), 1916(w), 1632(s), 1526(s), 1444(s), 1365(w),
1105(s), 1064(w), 1016(m), 961(w), 914(m), 886(m),
842(m), 739(s), 719(s), 685(m), 431(s). 'H NMR (300
MHz, CDCl;): § 10.16 (s, 1H), 8.43-8.39 (m, 2H), 8.39 (s,
1H), 8.10 (d, ] = 2.0 Hz, 2H), 8.09-8.05 (m, 2H), ESI-MS:
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m/z calculated for [L, = C,3H4CIN;S]*: 273.01, found: [L,
+ H* = 273.93]".

2. 3. 1. Synthesis of L;

For Ls, the same procedure was followed as for L;
but using 5-bromo-2-pyridinecarboxaldehyde (0.372 g, 2
mmol). The final product was characterized by 'H NMR,
ESI-MS, FTIR and UV-Vis spectrophotometry. Yellow
color; m.p. 160 °C; yield: 0.482 g (76%). UV-Vis (1.57 - 1073
M, MeOH) A, = 263, 294, 350 nm. Selected FT-IR data
(solid): vy /cm™! 3390(w), 3270(w), 3053(w), 3026(w),
2918(w), 2731(w), 1921(w), 1622(m), 1499(w), 1439(w),
1107(s), 1065(w), 1012(w), 966(w), 920(m), 885(m),
849(m), 740(s), 715(s), 486(m), 429(s). 'H NMR (300 MHz,
CDCl;): §10.18 (s, 1H), 8.43 (d, J= 1.7 Hz, 2H), 8.40 (s, 1H),
8.12-8.09 (m, 2H), 8.08 (s, 2H), ESI-MS: m/z calculated for
[Ls = C,5HgBrN5S]*: 316.90, found: [Ls + H* = 317.83]*.

2. 4. Biological Studies

2. 4. 1. Antibacterial Activity

The in vitro antibacterial evaluation of the synthe-
sized compounds L,-L; was performed against five types
of pathogens: three Gram-negative bacteria (Escherichia
coli, Klebsiella pneumoniae and Pseudomonas aeruginosa)
and two Gram.positive bacteria (Staphylococcus aureus
and Streptococcus pyogenes). The antibacterial assay was
conducted at pH 7.4 + 0.2, with a final inoculum concen-
tration of 10° cfu/mL. The test solutions were prepared for
all compounds in dimethyl sulfoxide (DMSO) at concen-
trations of 2, 10, 20, 40, 60, 80 and 100 ug/mL and diluted
in Mueller-Hinton broth. Then the solutions were incu-
bated at 37 °C and evaluated after 24 h against bacteria.

2. 4. 2. Antioxidant Activity

All the compounds were tested for free radical
scavenging ability using 1,1-diphenyl-2-picryl-hydrazyl
free radical (DPPH) as standard.?? The absorbance of the
samples was estimated at 515 nm on a UV-Visible spec-
trophotometer as compared to a blank of ethanol. Three
different concentrations 50, 100 and 200 ug mL~! were pre-
pared and stored in the dark. A 500 pL solution of DPPH
added to 250 uL of each test samples of L,-Ls. Then all
compounds containing DPPH were incubated for 30 min
at room temperature. The experiments were performed in
triplicate and percentage of inhibition based on the DPPH
scavenging ability was calculated using the following for-
mula (1):

DPPH scavenging effect % = 4o—4s (1)
AU
where A, is the absorbance of the control sample (DPPH
solution) and A, is the absorbance of the sample along with
DPPH solution after incubating for 30 min.

2. 4. 3. Anti-fungal Activity

All the ligands were examined for antifungal activity
using fungal colony of Candida albicans ATCC 60193 and
Candida tropicalis ATCC 13803 and percent inhibition
was calculated using formula (2).

Fungal growth inhibition (%) = A‘_TB % 100 2)

where A is the diameter of the fungal colony in the control
plate and B is the diameter of the fungal colony after treat-
ing with samples.

2. 5. Computational Studies

2.5. 1. DFT-D Calculations

In current study, all compounds were designed in
Material Studio 2017 and the computational calculations
were attained using DFT-D in gaseous phase.3*** In or-
der to describe the exchange correlation effects, the gen-
eralized gradient approximation (GGA) with the Per-
dew-Burke-Ernzerhof (PBE) function was applied in the
calculations and performed by the Dmol® software in this
package.®®* The resultant optimized structures, HOMO/
LUMO distributions, energies and the chemical reactivi-
ty descriptors are given in Figures 6 and 7, and Tables 5
and 6, respectively. All optimized compounds were saved
in Mol2 file format to study molecular docking.

2. 5. 2. Molecular Docking Study

All the compounds were docked with Gram-nega-
tive bacteria E. coli DNA gyrase B in complex with small
molecule inhibitor (PDB code 4DUH) and Gram-posi-
tive bacteria Streptococcus pneumonia (PDB code 4MOT)
which were downloaded from the Protein Data Bank
server https://www.rcsb.org/structure/4mot and https://
www.rcsb.org/experimental/4duh. Molecular docking cal-
culations were performed using Molegro Virtual Docker
(MVD). The dimensions for 4DUH and 4MOT were set
21.24 - 11.84 - 24.16 and 21.38 - 29.05 - 2.13, respective-
ly. Additionally, five poses were set in the software. The
binding interactions for specific receptor sites with ligands
were studied by Biovia Discovery Studio 2016.%

2. 6. ADMET Profiling

In order to understand biological efficacy of com-
pounds presented in this work ADMET study was em-
ployed. This method helps in predicting pharmacokinetic
and pharmacological studies containing log P,,,, blood-
brain barrier (BBB) permeate, gastrointestinal (GI) ab-
sorption, total polar surface area (TPSA), bioavailability
and Lipinski's rule of the newly synthesized compounds.
ADME studies were performed by Swiss ADME using an
online platform. After that, the predictive model of Egan's
Boiled-egg and the bioavailability radar were calculated to
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investigate the central nervous system (CNS) and measure
their oral bioavailability for human health.

3. Results and Discussion

3. 1. FTIR Discussion

FTIR spectroscopy is a highly valuable technique
for the structural determination of the synthesized com-
pounds. The formation of a Schiff base can be confirmed
by the disappearance of characteristic carbonyl (C=0)
and amine (—-NH,) peaks and the appearance of distinct
azomethine (HC=N-), band in the FTIR spectrum. FTIR
spectra of Schiff bases are presented in Figure 1S. The
spectra of L;-Ls showed medium to strong band in the
range of 1622-1690 cm™! typically corresponding to the
stretching vibration of azomethine (HC=N-), while the
weak band in the region of 3048-3061 cm™ corresponded
to aromatic (Ar-H).’® The weak absorption bands in the
range of 2861-2918 cm™! typically indicated azomethine
C-H group. The presence of strong band in the region of
725-759 cm! belongs to (C-S—C) thiazine group.?® The
stretching frequency of pyridine group (—C=N-) was ob-
served in the range of 1499-1560 cm™1.%”

3. 2. UV-Visible Spectroscopic Study

The UV-Visible spectral study of the synthesized
compounds L;-Ls; was conducted at room temperature
in methanol. All the absorption spectra of L;-L; were
compared to the starting material, 2-aminobenzothiazole
as shown in Figure 1. The absorption band at 263 nm is
primarily attributed to the m > n* transitions of the pyri-
dine moiety.”® The small shoulder peak at 294 nm revealed
distinctive m > m* transitions reinforcing the presence of
aromatic rings which could be particularly ascribed to the
n-electrons present in 2-aminobenzothiazole part of the
Schiff base as observed in unreacted form as well. The ap-
pearance of new absorption band at 350 nm is evidence of
n > 7* transitions of azomethine group.2-36:3

3. 3. 'H NMR Study

The 'H NMR spectra of compounds L;-Ls were
measured in CDCl; by using TMS as an internal reference
and are presented in Figures 2S-6S. The multiple signals
corresponding to aromatic protons were observed in the
range of 8.11-6.78 ppm.?> A signal in range 8.6-7.9 ppm
corresponded to aromatic protons in the pyridine ring.
The peaks in the range of 3.97-4.2 ppm confirm the pres-
ence of methoxy substituents in compounds L;-L3.%° The
peaks observed at 8.82 (L;), 8.83 (L), 9.03(L3), 10.16 (L),
and 10.18 (Ls) ppm are assigned to azomethine protons
which is a strong evidence for the synthesis of the men-
tioned Schiff bases.*!*> The observed shifting of azome-
thine protons due to the influence of electron-withdraw-

ing and electron-donating substitution on pyridine group
of the Schiff bases is in line with the literature.!42

2.0
——(L=157x10"M)
—(L,=157x 10°M)
1.5 =
——(L,=157x 10"M)
=) —— (L~ 157x10°M)
< E
E 16 —(L=157x10°M)
5 —— (2ABT=1.57x 107" M)
g
=]
< 05-
0.0

S
250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 1. UV-Visible spectra of compounds L;-Ls and 2-amin-
obenzothizole.

3. 4. Structural Description

Compound L, crystalizes in monoclinic crystal sys-
tem with space group C 2/c while the crystal structure and
atomic numbering scheme are illustrated in Figure 2. The
unit cell dimensions and crystallographic parameters are
summarized in Table 1, while the important bond lengths
and bond angles are listed in Table 2. The azomethine (-
C=N-) bond length was found to be consistent with values
reported in the literature.!® The torsion angles Cg—Cq—
Cy3-S;,=179.2(3)° and C;,—N,—Cs—Cq = -179.7(3)° show
that the configurations about the C=N bonds are anti
(1E).*® The specific spatial orientation of the molecules en-
ables O-atom of methoxy group to participate in C-H--O
interaction with the adjacent molecule of the lattice. This
interaction of molecules is shown in Figure 3. Since there
are no O/N/F-H--O/N/F functionalities in the molecule,
there is no H-bonding in the crystal lattice and the packing
diagram is shown in Figure 4.

Figure 2. Structure and atom numbering scheme of L;.

f < ¢
14
H14C -
1
“Q1
L 1 14
@ \
b b bt HI4C W hd b
[
v

v

Figure 3. C-H--O interactions (shown blue) exhibited by mole-
cules in lattice.
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Figure 4. Packing diagram of molecules of L; as viewed along b-ax-

1s.

Table 1. Crystal data and structure refinement for compound L.

Empirical formula C4H1N504
Formula weight 269.32

Crystal system monoclinic
Space group C2/c

alA, biA, c/A 47.9676(16), 4.5345(3), 11.3392(7)
al®, B/o yI° 90, 92.390(5), 90
Volume/A3 2464.2(2)

Z 8

Peale glcm® 1.452

p/mm! 0.257

F(000) 1120
Goodness-of-fit on F? 1.051
Reflections collected 2416

Independent reflections 2166 [Ry, = 0.1242,]
Data/restraints/parameters 2416/0/173

3. 5. Antibacterial Assay

All the synthesized compounds L,-Ls prevent-
ed growth of the microorganisms (Gram-negative and
Gram-positive bacteria) as shown by the data given in
Table 3. All the compounds were found to be good an-
tibacterial agents against five different types of bacteria.
The minimum inhibitory concentrations (MICs, pg/mL)
of compounds L;-L; demonstrated excellent antibacteri-
al activity compared to compounds L, and Ls. All com-
pounds were compared to the standard antibiotic cipro-
floxacin. In addition, MIC of compound L; was lower
than inhibitory concentration of ciprofloxacin and other
compounds against E. coli, P. aeruginosa (-), S. aureus (+)
and S. pyogenes (+). The results demonstrated that com-

pounds L;-Ls showed good activity against Gram-neg-
ative compared to Gram-positive bacterial stains. The
experimental data were found to be in good agreement
with the theoretical results (quantum molecular descrip-
tors and molecular docking). Also, these compounds can
obstruct and destroy respiration process of the studied
organisms due to the presence of heterocyclic rings con-
taining S and N atoms.***> Lipophilicity is a significant
factor to control antimicrobial activity. Compounds
L,-L; showed high lipophilicity, which may subsequently
promote penetration through the lipid layer of the cell
membrane.*® Additionally, lipophilicity and delocaliza-
tion of m-electrons in the structure of a bioactive mol-
ecule have been found to play parallel roles in the en-
hancement of cell death.?

3. 6. Antioxidant Studies

Reactive oxygen and nitrogen species (RONS) as free
radicals that can induce severe oxidative damage on bio-
macromolecules like DNA, lipids and proteins. Hence, re-
cent investigations have focused on synthesizing novel het-
erocyclic compounds as potent antioxidants due to their
pharmaceutical significance.®® In this study, compounds
with methoxy substituent (L;-L;) exhibited slightly higher
activity than the compounds containing halogen groups
as shown in Figure 5. Furthermore, L, having OMe group
on para position with respect to the azomethine func-
tionality revealed good antioxidant activity as compared
with other compounds L,, L; and other halogen-substitut-
ed compounds. Halo groups destabilize the free radicals
while methoxy groups stabilize the radicals to some extent
which might be attributed to the high electronic density.
Furthermore, increase in concentration of the compounds
resulted in a decrease in the DPPH radical scavenging abil-
ity, indicating that the oxidants at low concentrations were
most effective.’

3. 7. Anti-fungal Activity

The anti-fungal screening data revealed that all the
compounds L;-Ls were active against C. albicans ATCC

Table 2. Selected bond lengths, bond angles, and torsion angles for compound L,

Bond lengths (A) Bond angles (°) Torsion angles (°)
C,-S, 1.7302(18) C,-C,-N, 115.07 Cs-N,-C,-S,  166.6 (2)
C-N, 1.301(2) C,-N,-C, 110.52 Cs-N,-C,-N,  -13.7(5)
$;-C, 1.7511(16) C,-$,-C, 88.910 Cg—Cy—Ci3-S1,  179.2(3)
C,-N, 1.391(2) N,-C,-$, 116.30 C,-$,-C,-C, -0.2(2)
N,-C, 1.301(2) $,-C,-N, 115.41 C,-$,-C,-C;  180.0 (3)
N,—Cq 1.284(2) N,-C,-N, 128.23 C-N,-C,-Cs  179.8 (3)
N;-Cp, 1.324(2) C,-N,—Cq 118.26 C,-N,-C,-C, ~0.3 (4)
C15-N; 1.343(2) Cio-N5=C;,  116.09 C,-N,-C4—Cy  -179.7 (3)
C,,-0, 1.349(2) N;-C,,-0,  119.55 — —
0,-C,,  1.4403(19) C,-0,-C,,  117.01 — —
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60193 and C. tropicalis ATCC 13803 with diameter of in-
hibition area ranging from 20-26 and 32-34 mm, respec-
tively. As can be seen from Table 4, all compounds showed
higher antifungal effects compared to the standard drug
fluconazole.

3. 8. DFT-D Calculations

Optimization based on DFT-D was performed to ob-
tain the most stable structures for all compounds as shown
in Figure 6. Total energies for compounds L;-Ls were cal-
culated to be -1169.372, -1169.372, -1171.135, -1514.971,
and -1068.565 kcal/mol, respectively as shown in Table 5.

3.9. HOMO and LUMO Orbitals

The HOMO electron density of compounds L;-Ls is
mainly distributed over aromatic groups and imine group
while the LUMO electron density distribution extends to
N and S atoms as shown in Figure 7.

3. 10. Quantum Molecular Descriptors

Recently, researches are employing DFT calculations
to obtain quantum chemical parameters for prediction of
biological properties. The quantum chemical descriptors
such as the ionization potential (I), electron affinity (A),

Table 3. Minimum inhibitory concentration (MIC) values of the compounds L;-Ls (ug/mL).

Compound E. coli (-) K. pneumoniae (-) P. aeruginosa (-) S. aureus (+) S. pyogenes (+)
L, 7.5%0.11 6.5+ 0.81 8.4+1.73 8.9+0.21 9.3+0.42
L, 7.9 + 0.64 6.9 +0.98 8.6+1.73 9.6 +0.24 10.8 £ 0.47
L; 7.0 £ 0.45 6.9 +0.25 7.0+0.35 9.3+0.55 10.0 £ 0.43
L, 9.5+0.01 7.6 +0.43 9.3+0.32 9.8 +£0.89 11+£0.12
| I 9.9+0.82 7.9+ 0.76 10.9+£0.19 9.8+0.72 12+1.12
Ciprofloxacin 9.8+1.28 4.8 +0.08 9.8 +0.08 9.12 £ 0.85 10.5+0.41

120
w50 =100 200

& 98

£ 100

i_'<

= a0 I i o

F E

& CE R

g R R

] e B 53

g SR B

2 R h i

™ B P

= R B

a o e

F . B

= 20 i 1

a R 1o
R 8

. -

L4

L5

Figure 5. Histogram representation of DPPH free radicals scaveng-
ing potentials of the compounds L;-Ls relative to ascorbic acid tak-
en as 100%.

¢

Figure 6. Optimized structures L,-Ls (a-e) based on DFT-D meth-
od using DMol® module in Material Studio 2017.

Table 4. The diameter of antifungal studies of compounds L,-Ls against C. albicans ATCC

60193 and C. tropicalis ATCC 13803

Compounds L, L, L; L, L Fluconazole

C. albicans ATCC 60193 24 23 26 22 20 17

C. tropicalis ATCC 13803 32 32 33 32 34 31

Table 5. The energy parameters resulted from DFT-D method for compounds L;-Ls.

com- Sum of Kinetic Electrostatic =~ Exchange- Spin DFT-D Total DFT-D
pounds  atomic energies correlation polarization correction energy
L, -1169.372 -30.443 0.278 1.867 -67.441 -0.029 -1239.331
L, -1169.372 -30.434 0.272 1.866 -67.441 -0.029 -1239.331
L, -1171.135 -10.245 0.155 2.275 1.661 -0.021 -1177.310
L, -1514.971 -31.533 0.620 1.639 -78.003 -0.024 -1593.868
Ls -1068.565 -27.667 0.660 1.625 -61.716 -0.025 -1132.322
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W RS

Figure 7. Electron density distributions, HOMO (left) and LUMO
(right) orbitals of the compounds L;-Ls; (corresponding to a-e, re-
spectively).

3. 11. Molecular Modeling Studies

To understand protein-ligand interactions and drug
development affinity of the synthesized compounds to-
ward the targeted proteins, the in silico molecular dock-
ing technique using MVD was employed. The molecular
docking results and the interactions with receptors are
presented in Table 7. The compounds showed good bind-
ing orientation in the binding pocket of E. coli (PDB code
4DUH) and S. pneumoniae (PDB code 4MOT). Com-
pounds L;-Ls with 4DUH revealed a binding affinity of
-95.750, -89.837, —98.960, -90.801, and -91.229 kcal/mol.
While with 4MOT the lowest possible binding energies for
compounds L;-Ls were displayed at —-107.148, -117.347,
-122.728, -103.724, and -104.470 kcal/mol, respective-
ly. Compounds L;-L; revealed the higher binding affin-
ity as compared with L,-Ls in both of receptors in good
accord with energy gap (E,). 3D and 2D predictions on
both of proteins displayed the intermolecular interactions
of ligands with amino acid residues in active site from
the best docking pose. Docking score of all investigated
compounds with S. pneumoniae exhibited negative bind-
ing energy, suggesting their high hydrophobic interac-
tions. 2D and 3D views of the non-bonded interactions

Table 6. The calculated quantum chemical parameters obtained from energy gap.

compounds HOMO LUMO E, I A n=I1-A/2 X u=-X w=p-pl2n
L, -6.224 -3.727 2.5 6.22 3.73 1.25 4.98 -4.98 9.914
L, -6.306 -3.574 2.73 6.31 3.57 1.37 4.94 -4.94 8.93

L; -5.768 -3.707 2.06 -5.77 -3.71 1.03 4.74 -4.74 10.889
L, -6.435 -3.625 2.81 6.44 3.63 1.41 5.03 -5.03 9.00

Ls -6.369 -3.636 2.73 6.36 35 1.37 4.93 -4.93 8.49

chemical potential (), global hardness (#), dipole moment
(¢), and the electrophilicity index (w) were calculated by
HOMO and LUMO energy gaps obtained from the DFT-D
results. The higher energy gap (AE = HOMO - LUMO)
imparts less reactivity, less polarizability and more stability
to molecule and vice versa. Based on the observed ADME
results of energy gaps as listed in Table 6, compound L;
is less stable and more lipophilic indicating more reac-
tivity. Soft molecules have a lower energy gap than hard
molecules and may easily transfer electrons to acceptors,
making them more reactive and interacting with biomac-
romolecules as targets in the biological systems. Conse-
quently, L; and L, showed more inhibitory activities. Ad-
ditionally, L, had high chemical hardness (#) as compared
to other compounds, leading to the most stable and least
reactive compound for the biological activity. Compound
L, exhibited the highest Lewis acid character due to high
electronegativity (y). Global electrophilicity (w) was found
to be significant, indicating that the electrophilic index
confirms biocidal property to kill the microbes.’®>! In ad-
dition, Ly and L; can kill cancer cells more than others due
to higher value of electrophilicity index (w).!®

between structures were docked onto E. coli (PDB code
4DUH) or S. pneumoniae (PDB code 4MOT) and are
shown in Figures 8 and 9.

3. 12. Drug Likeness and In-Silico Bioactivity
Prediction Using Swiss ADME

The behavior of molecules in humans is influenced
by the structural features including bioavailability, trans-
port properties, affinity, reactivity, toxicity, and metabolic
stability.>? Table 8 presents the permeability levels of com-
pounds L,-Ls, describing their potential for molecular
transport across the blood-brain barrier (BBB) and intes-
tinal membranes. But these compounds were not cleared
from the central nervous system (CNS) by the P-glycopro-
tein. Moreover, these compounds had high gastrointesti-
nal (GI) absorption, indicating a high absorbance in the
human intestine, showing high GI absorption.>® Further-
more, all of the tested compounds have a bioavailability
score of 0.55, showing a moderate level of bioavailability.>*
They obey Lipinski's first rule, signifying that these com-
pounds can be developed as orally active small anti-in-
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Figure 8. 3D and 2D dimensions of results of intramolecular interactions for compounds L,-Ls with E. coli.
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Table 7. Docking of compounds into E. coli (PDB code 4DUH) and S. pneumoniae (PDB code 4MOT)

compounds Docking Interacting residues with 4DUH
score (kcal/mol)

L, -95.750 Van der Waals (Pro A:150, Thr B:160, Glu B:159, Gln A:151, His A:147, Gln A:128), nt-donor
hydrogen bond (Gln B:161), m-alky (Val A:149).

L, -89.837 Van der Waals (GIn A:128, His A:147, Gln A:151, Thr B:160, Glu B:159, Glu B:146, Pro A:150),
ni-alky (Val A:149), hydrogen bond (Glu B:161).

L, -98.960 Van der Waals (Gly B:75, Gly B:164, Asp B:73, Gln B:72, Ile B:59, Glu B:58, Val A:149, Glu B:161),
hydrogen bond (Thr B:163, Lys B:162, Gln B:135), n-alky (Ile B:60).

L, -90.801 Van der Waals (Gln A:151, Thr B:160, Glu B:159, Pro A:150), carbon hydrogen bond (Gln B:161),
ni-alky (His A:147, Val A:149).

L -89.837 Van der Waals (Glu B:161, Glu B:159, Thr B:160, Glu B:159, Pro A:150, Thr B:151), n-alky (His
A:147, Val A:149), hydrogen bond (Glu B:161).

Docking score (kcal/mol) Interacting residues with 4MOT

L, -107.148 Van der Waals (Val A:76, Thr A:172, Phe A:99, Ser A:124, Gly A:82, Arg A:84), carbon hydrogen
bond (Pro A:84), alkyl and n-alkyl (Ile A:48, Pro A:84, Met A:83, Ala A:52, Val A:174), hydrogen
bond (Asp A:78), amid n-stacked (Asn A:51).

L, -122.728 Van der Waals (Ser A:124, Phe A:99, Asn A:51, Gln A:77, Lys A:173, Gly A:80), hydrogen bond (Gly
A:82), carbon hydrogen bond (Asp A:78, Thr A:172), alkyl and n-alkyl (Pro A:84, Met A:83, Ala
A:52, Val A:174, Ile A:48).

L; -122.728 Van der Waals (Pro A:84, Lys A:173, Gln A:77, Ser A:124, Phe A:99), amid- stacked (Asn A:51, Gly
A:82), m-alkyl (Met A:83, Val A:174, Ala A:52, Val A:76, Ile A:48), carbon hydrogen bond (Thr
A:172).

L, -103.724 Van der Waals (Val A:76, Asp A:78, Thr A:172, Glu A:55, Phe A:99, Ser A:124, Gly A:82, Asn A:51),
alkyl and m-alkyl (Ile A:48, Pro A:84, Met A:83, Ala A:52, Val A:174).

Ls -104.470 Van der Waals (Val A:76, Asp A:78, Glu A:55, Ser A:124, Phe A:99, Gly A:82, Arg A:140), carbon

hydrogen bond (Thr A:172), amid n-stacked (Asn A:51), alkyl and n-alkyl (Pro A:84, Met A:83, Ala

A:52, Val A:174, Ile A:48).

Table 8: Prediction of the toxicity pharmacokinetic properties based on Swiss ADMET results of the synthesized compounds L;-Ls.

com- H-bond H-bond logP,, logS BBB GI Lipinski Bioavail TPSA Ghose, Class
pounds acceptors donors absorption ability Veber, Egan,

Score Muegge
L, 4 0 330 -394  Yes High Yes 0.55 75.61 Yes Soluble
L, 4 0 3.02 -3.80  Yes High Yes 0.55 66.38 Yes Moderately soluble
L, 4 0 3.02 -3.78  Yes High Yes 0.55 66.38 Yes Moderately soluble
L, 3 0 377 -448  Yes High Yes 0.55 66.38 Yes Moderately soluble
Ls 3 0 294 -4.88  Yes High Yes 0.55 66.38 Yes Poorly soluble

flammatory drugs with minimum ulcerogenic properties.
All compounds based on Veber's rules and Egan's rules
represented the oral bioavailability of a possible drug mol-
ecule. Furthermore, log P, values of less than five with
good lipophilicity value, indicate strong cell membrane
permeability of the compounds and their biological activ-
ity. The compounds did not exhibit as CYP2D6 inhibitors,
concluding that they would not show any adverse drug re-
actions.” TPSA of compounds were measured to be less
than 160 A, demonstrating very helpful statistic for fore-
casting the transport of drug molecules.>® The drug-like-
ness parameters of an orally available bioactive drug are
provided by the bioavailability radar and its graphical
snapshot as a pink hexagonal part indicating size, flexibil-

ity, unsaturation, lipophilicity, solubility, and polarity as
shown in Figure 10.

4. Conclusion

The series of five synthesized compounds L;-L; in
this study were prepared, purified in quantitative yield
and characterized using FTIR, UV-Visible, 'H NMR,
ESI-MS and single crystal XRD. The azomethine group
(—C=N-) was indicated in FTIR in the range of 1622-
1690 cm~!. The UV-Visible spectra showed distinct ab-
sorption band at 350 nm as an evidence of n > n* tran-
sitions of azomethine group. The 'H NMR spectra of the
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Figure 10. The bioavailability radar of the compounds L;-Ls using
Swiss ADME web tool.

compounds were recorded in CDCI; showing a peak in
the range of 8.82-10.18 indicating the presence of azome-
thine group. All compounds demonstrated significant
bioactivity against various target microbes. The antibac-
terial activity of all compounds were examined against
Gram-negative (E. coli, K. pneumoniae and P. aeruginosa)
and Gram-positive (S. aureus and S. pyogenes) bacterial
strains. The activities of compounds L;-L; against var-
ious antibacterial targets showed that compounds con-
taining a methoxy group exhibited better activity com-
pared to those with halogenated groups. The antioxidant
activity of compounds L;-Ls was found to be in the order
of L} > L, > Ly > Ls > L. The anti-fungal screening stud-
ies exhibited that all the compounds were active against
C. albicans ATCC 60193 and C. tropicalis ATCC 13803
with stronger inhibitory properties compared to stand-
ard drugs. Interestingly methoxy-substituted compounds
showed better bioactivities compared to halogen-substi-
tuted compounds. All compounds were optimized by
DFT-D and then their quantum chemical parameters
were investigated by using energy difference between the
HOMO and LUMO orbitals. The chemical parameters,
including energy gap and electrophilicity, obtained from
DFT-D calculations, provided supportive insights into
the biological activity of the compounds L;-Ls.

Molecular docking study exhibited good interaction
in the binding pocket of E. coli (PDB code 4DUH) and S.
pneumoniae (PDB code 4MOT). Finally, Swiss ADME pre-
diction modeling evaluated the physicochemical charac-
teristics such as solubility, permeability, and drug-likeness.
Results obtained from ADME study showed GI absorp-
tion for all compounds. Observation revealed that every
anticipated derivative had favorable gastric absorption,
signifying noteworthy oral bioavailability. All compounds
showed a wide range of lipophilicity, suggesting diverse
cellular permeability and dissolution properties.

Appendix A. Supplementary data

CCDC 2455335 corresponds to the crystallograph-
ic data of compound L,, deposited with the Cambridge
Crystallographic Data Centre. Copies of the data may be
obtained free of charge from The Director, CCDC, 12, Un-
ion Road Cambridge CB21EZ [Fax: +44 (1223)336 033] or
e.mail: deposit@ccdc.cam.ac.uk.
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V tej $tudiji smo sintetizirali serijo novih kondenzacijskih produktov L;-Ls, ki so nastali med substituiranimi piridinkar-
baldehidi in 2-aminobenzotiazolom. Spojine smo karakterizirali s FTIR, UV-Vis, 'H NMR spektroskopijo in ESI-MS
analizami. Dodatno smo spojino L; strukturno dolocili s pomo¢jo rentgenske difrakcije monokristala; ugotovili smo,
da v asimetri¢ni enoti vsebuje §tiri kristalografsko neodvisne molekule. Vse pripravljene spojine izkazujejo antibak-
terijsko aktivnost proti Gram-negativnim in Gram-pozitivnim bakterijam ter so aktivne tudi proti Candida albicans
ATCC 60193 in Candida tropicalis ATCC 13803. Strukture vseh spojin smo optimizirali s DFT-D metodo nato pa zanje
izra¢unali vrednosti celokupnih energij ter vrednosti HOMO in LUMO energij ter dolo¢ili teoreti¢ne parametre reak-
tivnosti. Napovedane ADME lastnosti nakazujejo, da vse spojine izkazujejo dobro podobnost z zdravili in da imajo

ustrezne farmakokineti¢ne lastnosti.
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