Journal of the Indian Chemical Society 101 (2024) 101163

Contents lists available at ScienceDirect
INDIAN
CHEMICAL
SOCIETY

Journal of the Indian Chemical Society

e >

FI. SEVIER

journal homepage: www.journals.elsevier.com/journal-of-the-indian-chemical-society

Quinoxaline clubbed thiazole: Molecular docking, synthesis and
antimicrobial evaluation

Sagar Ramdas Shrimandilkar ”, Pravin Tatyaram Tryambake °, Keshao Abasaheb Mahale b,
Dnyaneshwar Daulatrao Lokhande ™"

& Department of Chemistry and Research Centre, Sangamner Nagarpalika Arts, D. J. Malpani Commerce and B. N. Sarda Science College (Affiliated to Savitribai Phule
Pune University, Pune), Sangamner, 422605, M.S., India

b Department of Chemistry and Research Centre, K. R. T. Arts, B. H. Commerce and A. M. Science College (Affiliated to Savitribai Phule Pune University, Pune), Nashik,
422002, M.S., India

ARTICLE INFO ABSTRACT

Keywords: Novel hybrid molecules of thiazole with quinoxaline have been designed, synthesized and characterised by FT-
Thiazole IR, Mass, 'H and '3C NMR spectroscopic techniques. The pharmacological potential of synthesized compounds
Quinoxaline

was checked for bacterial and fungal strains by the Broth microdilution method. All molecules exhibited sig-
nificant antibacterial and antifungal activities. The compound (E)-4-(4-chlorophenyl)-2-(2-(1-(3-methylquinox-
alin-2-yl)ethylidene)hydrazinyl)thiazole (3b) displayed (MIC = 12.5 pg/mL) excellent biological potential
against Staphylococcus aureus [MTCC96] gram-positive bacterial strain. The molecular docking of thiazole de-
rivatives was performed with S. aureus DNA gyrase (2XCT). The docked molecules displayed significant in-
teractions with the active cavity of S. aureus DNA gyrase. The (E)-4-(4-chlorophenyl)-2-(2-(1-(3-
methylquinoxalin-2-yl)ethylidene)hydrazinyl)thiazole (3b) molecule displayed the most stable conformation at

Molecular docking
Anti-microbial activity
MIC

the highest binding affinity (—10.9 kcal/mol) among the docked molecules with protein.

1. Introduction

Nitrogen and sulfur-based heterocycles are key pharmacophores of
copious biologically active molecules [1-4]. Thiazole is one of the
essential pharmacophores. It is 1,3-azole containing nitrogen and sulfur
atoms in the aromatic five-membered heterocyclic ring. Many groups of
researchers are working on thiazole due to its pharmacological potential
such as anti-bacterial [5-7], anti-fungal [8-10], anti-viral [11-14],
anti-tuberculosis [15-17], anti-cancer [18-21], anti-inflammatory
[22-25], anti-malarial [26] and anti-HIV [27] activities. Most of the
commercially available drugs possessed 2,4-disubstituted thiazole hy-
brids like cefpodoxime [28](anti-bacterial), ceftaroline fosamil [29]
(anti-bacterial), cobicistat [30] (anti-HIV), ritonavir [31] (anti-HIV),
meloxicam (anti-inflammatory) and fentiazac (anti-inflammatory) are
shown in Fig. 1. Literature survey of thiazole derivatives with the sub-
stituents at 2 and 4 positions have proven their pharmacological po-
tential like anti-microbial [32,33], anti-inflammatory [34,35], anti-viral
[36,37], anti-oxidant [38,39] and anti-cancer [40,41] activities. These
lead biologically potent 2,4-disubstituted thiazole hybrids are shown in
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Fig. 2.

4-methoxy-N-(4-(4-nitrophenyl)thiazol-2-yl)benzamide I exhibited
potent antimicrobial activity (pMIC = 4.60) against E. coli and S. aureus
due to the methoxy and nitro groups on terminal phenyl rings [32].
Coumarin thiazole derivative II showed an excellent inhibitory action
against F. moniliforme with an inhibition rate of 74 %. The tri-
fluoromethyl and methoxy groups amplify the antifungal activity of
coumarin thiazole derivative I [33]. 2-(3-(2-methox-
yphenyl)-5-(o-tolyl)-4,5-dihydro-1H-pyrazol-1-yl)-4-methylthiazole III
appeared a significant inhibitor of cyclooxygenase-2 (COX-2) and nitric
oxide synthase (iNOS) by blocking mitogen-activated protein kinases
(MAPK) pathway [35]. 1,3-thiazole derivative IV was observed as a
potent anti-inflammatory agent in the in vivo screening by the paw
edema method [34]. The scaffold A containing thiazole pharmacophore
V becomes a potent inhibitor of HIV-1, which inhibits the binding of HIV
to the protein of CD4 cells [37]. Thiazole hybrid VI displayed potent
anti-viral activity against the Hepatitis C virus (ECso = 0.56 pM) [36].
The in vitro antioxidant screening of VII revealed that it displayed more
potent nitric oxide free radical scavenging activities (ICso = 28 + 0.01
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pg/mL) than reference ascorbic acid (ICsg = 32 + 0.09) [39]. The Schiff
base of thiazole VIII exhibited better anti-oxidant activity (ICso = 3.6,
80.89 % inhibition) due to the electron donating ~OH groups on both
phenyl rings [38]. Pyrazolyl-thiazole IX exhibited anti-cancer activity, it
exhibited potent cytotoxicity (ICso = 0.97 pM) in comparison with
Lapatinib (ICso = 7.45 pM). Moreover, it exhibited better EGFR/HER2
inhibitory action (ICso = 4.98, 9.85 pM respectively) compared with
lapatinib (ICsop = 6.1, 17.2 pM) [41]. Thiazole-pyrimidine hybrid X
appeared as a potent anticancer agent against various human cell lines
like A2780, A549, Colo-205 and MCF-7 with ICsq values 0.33 + 0.071
pM, 0.043 + 0.006 pM, 0.12 + 0.038 pM, 0.87 + 0.045 pM respectively
[40].

Quinoxaline is another important pharmacophore that gives bio-
logical activities like anti-microbial [42,43], anti-inflammatory [44,45],
anti-cancer [46-48], anti-viral [49], anti-HIV [50,51], anti-bacterial
[52,53], anti-tubercular [54,55], anti-oxidant [56,57], anti-malarial
[58], etc. Some commercially available drugs possess quinoxaline
pharmacophore like clofazimine [59](anti-mycobacterial), brimonidine
(to treat Glaucoma), varenicline [60] (used for smoking cessation), etc.
are shown in Fig. 3. Based on the literature, the structures of some lead
biologically active agents that possessed quinoxaline moiety are shown
in Fig. 4.

1,3-oxazole-quinoline hybrid XI exhibited good anti-bacterial ac-
tivity (MIC = 62.5 pg/mL) against M. luteus (gram-positive) in com-
parison with tetracycline (MIC = 62.5 pg/mL) as a reference drug [61].
The quinoxaline-thiazole derivative XII displayed significant
anti-bacterial activity against P. aeruginosa (MIC = 12.5 pg/mL) when
compared to levofloxacin (MIC = 12.5 pg/mL) [62]. Quinoxaline de-
rivative XIII exhibited good inhibition against S. aureus (MIC = 13.3
pM), E. coli (MIC = 7.9 uM) and B. subtilis (MIC = 7.9 pM) [63]. Qui-
noxaline derivative XIV on anti-microbial screening displayed potent
inhibitory action against S. aureus (MIC = 0.92 mg/mL), S. pyogenes
(MIC = 0.97 mg/mL), P. aeruginosa (MIC = 0.98 mg/mL) and E. coli
(MIC = 0.93 mg/mL) as compared to ciprofloxacin (MIC = 0.89-0.97
mg/mL) [64]. Quinoxaline derivative XV displayed significant
anti-proliferative property (ICso = 22.11 pM) against the human breast
adenocarcinoma cells (MCF7) as compared to standard suppressor
XL147 (ICs0 = 11.77 pM) [65]. The compound XVI exhibited excellent
inhibitory activity against the c-Met kinase enzyme (ICsg = 6 nM) as
compared to crizotinib (IC5p = 0.9-12.8 nM) as a reference inhibitor.
Compound XVI also showed an excellent tumour growth inhibitor (ICsqg
= 175 nM) of MKN-45 mouse gastric cancer cells [66].
Quinoxaline-oxadiazole  derivative =~ XVII  exhibited notable
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anti-inflammatory activity (% inhibition = 40.95), which is close to the
% inhibition (52.79 %) by celecoxib [67]. Quinoxaline derivative XVIII
exhibited good inhibition data (ICs9 = 11.78 pg/mL, CCs¢p = 11.78
pg/mL) against strain IIIB of HIV-1 as compared to Didanosine (ICso =
17.95 pg/mL, CCso = 50 pg/mL) as a standard reference [68].

Molecular hybridization is a leading rationale and versatile approach
for enriching the therapeutic potential of two distinct heterocycles by
clubbing them into a single hybrid molecule. Some groups of researchers
have reported quinoxaline-linked thiazole derivatives (Fig. 5). M. E.
Salem et al. [69] have synthesized bis-thiazole derivatives (XIX and XX)
in which they clubbed C-2 and C-3 of quinoxaline with C-4 or C-2 of
thiazole. They synthesized the hybrids (XIX and XX) by reacting cor-
responding thiosemicarbazones and a-halo ketones in ethanol with
triethyl amine. The methyl-substituted derivative of XIX exhibited 11
mm zone of inhibition against S. aureus.

A. M. Abdallah et al. [70] have adopted a greener route for the
synthesis of indenoquinoxaline-thiazole derivatives (XXI) by reacting
indenoquinoxaline thiosemicarbazone with a-halo ketones or hydrazo-
nonyl chlorides in the presence of 1,4-Diazabicyclo[2.2.2]octane as a
catalyst.

M. E. Salem et al. [71] have synthesized bis-thiazole linked qui-
noxaline hybrids (XXII and XXIII) by using 1,1’-((quinoxaline-2,
3-diylbis(oxy))bis(4,1-phenylene))diethanone as a key precursor. De-
rivatives (XXII) synthesized by treating (2E,2'E)-2,2’-(((quinoxaline-2,
3-diylbis(oxy))bis(4,1-phenylene))bis(ethan-1-yl-1-ylidene))bis(hydra-
zinecarbothioamide) with various a-bromo ketones or a-keto-hy-
drazononyl chlorides in ethanol with triethyl amine. The hybrid
molecules (XXIII) synthesized by reacting 2,3-Bis(4-(1-(2-(4-phenylthia-
zol-2-yDhydrazono)ethyl)phenoxy)quinoxaline with thioamides or thi-
osemicarbazones in ethanol and triethyl amine. They have prepared
quinoxaline-thiazole hybrids in which C-2 and C-3 of quinoxaline are
linked with C-2 of thiazole (XXII) or C-4 of thiazole (XXIII).

Therefore, motivated by literature regarding the biological potential
of thiazole and quinoxaline pharmacophores as well as the efficient
routes for the synthesis of quinoxaline-thiazole hybrids, we designed the
hybrid molecules containing thiazole and quinoxaline moieties to enrich
the biological potential of both pharmacophores.

Most of the groups of researchers have reported bis(heterocycles) of
quinoxaline-thiazole derivatives (Fig. 5). However, we planned to syn-
thesize the novel hybrids with asymmetrically substituted quinoxaline at
C-2 and C-3 positions. The hydrophobic methyl group and ethylidene-
hydrazine linkage incorporated at C-3 and C-2 of quinoxaline respec-
tively. In the proposed work, the substituted thiazole and quinoxaline
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Fig. 1. Commercially available 2, 4-substituted thiazole-possessed drugs.
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were clubbed through ethylidene-hydrazine linkage.

We report herein the designing, molecular docking and synthesis of
2,4-disubstituted thiazole derivatives containing quinoxaline moiety.
All the hybrids were characterized by nuclear magnetic resonance (*H
and '3C), FT-IR and mass spectroscopic techniques. Further, the pre-
pared compounds were screened for antibacterial and antifungal activ-
ity. We found that they are significantly biologically active against some
bacterial and fungal strains.

2. Materials and methods

All reagents, precursors and solvents used for synthesis were ac-
quired from Sigma-Aldrich. The melting point of compounds was
determined by the open capillary method and is uncorrected. The syn-
thesized products were purified by column chromatography with the
help of an appropriate solvent system. The characterization of hybrids
was performed in SAIF, Panjab University, Panjab, India with the help of
the Brucker-Advance Neo 500 MHz spectrometer for 'H and '3C NMR
spectrum. The chemical shifts were reported in ppm relative to tetra-
methyl silane (TMS). The mass and FT-IR spectral analysis were taken by
Waters Micromass Q-Tof Micro and Brucker FT-IR spectrometer
respectively. The anti-microbial activity was examined in the Microcare
Laboratory & Tuberculosis Research Centre, Surat, India.

2.1. Synthesis

2.1.1. General procedure for synthesis of 1-(3-methylquinoxalin-2-yl)
ethanone (1a and 1b)

The compounds 1a and 1b were prepared by the reported procedure
[72]. In this report, 2, 5-pentandione (1 mmol) was heated with
N-bromosuccinimide (1.2 mmol) in water for 20 min at 70 °C to obtain
3-bromo-2,5-pentandione. To this reaction mixture, 1,2-phenylenedi-
amine or 4,5-dimethyl-1,2-phenylenediamine was added and stirred at
70 °C for 4 h to obtain product 1a or 1b respectively. The TLC was
performed to identify the completion of the reaction. Further, the
product was extracted with ethyl acetate. The n-hexane-ethyl acetate
(7:3 ratio) solvent system was used for the purification of products by
the column chromatographic technique.

2.1.2. General procedure for synthesis of (E)-2-(1-hydrazonoethyl)-3-
methylquinoxaline (QH)

The hydrazine hydrate (1 mmol) refluxed with compound 1a (1
mmol) in ethanol with a catalytic amount of glacial acetic acid for 30
min. The formation of the product was confirmed by TLC. The solid
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product was obtained after the removal of solvent by vacuum evapo-
ration. The n-hexane-ethyl acetate (7:3 ratio) solvent system was used in
column chromatography for the purification of the product.
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2.1.3. General procedure for synthesis of (E)-2-(1-(3-methylquinoxalin-2-
yDethylidene)hydrazinecarbothioamide derivatives (2a and 2b)

The compound 1a or 1b (1 mmol), thiosemicarbazide (1.1 mmol)
and a few 2-3 drops of glacial acetic acid were dissolved in ethanol and
refluxed for 4-5 h. The formation of the product was monitored by TLC.
The product was separated after the addition of the reaction mixture in
cold water. The filtered product was washed with water and the impure
product was refined by column chromatographic technique.

2.1.4. General procedure for synthesis of (E)-2-(2-(1-(3-methylquinoxalin-
2-yDethylidene)hydrazinyDthiazole derivatives (3a-3j)

The compound 2a or 2b (1 mmol) was stirred in ethyl alcohol with 2-
bromo-1-phenylethanone derivative (1 mmol) at room temperature for
4-5 h. Later on, the reaction mixture was poured on crushed ice to
separate the product, which was filtered and the impure product was
refined by column chromatographic technique. The details of synthe-
sized molecules with substituents, yield and physical constant (m. p.) are
given in Table 1. The route of synthesis of molecules 3a-3j and QH is
represented in Scheme 1.

2.2. Spectral analysis

2.2.1. (E)-2-(1-hydrazonoethyl)-3-methylquinoxaline (QH)

White solid; 'H NMR (500 MHz, DMSO-dg), §(ppm): 2.24 (3H, s,
—-CH3 C=N), 2.85 (3H, s, -CH3 quinoxaline ring C-3), 7.99-7.91 (2H, m,
quinoxaline), 7.74-7.70 (2H, m, quinoxaline), 7.10 (2H, s, -NHj). M. W.
= 200.2398, LCMS (m/z): 201.1229 (M™).

2.2.2. (E)-2-(2-(1-(3-methylquinoxalin-2-yl)ethylidene)hydrazinyl)-4-
phenylthiazole (3a)

Yellow solid; 1H NMR (500 MHz, CDCl3), § (ppm): 2.50 (3H, s, -CHj3
C=N), 3.10 (3H, s, CH3 quinoxaline ring C-3), 6.93 (1H, s, thiazole C-5),
7.30 (1H, t, J = 7.3 Hz, phenyl C-5), 7.40 (2H, t, J = 7.5 Hz, J = 7.7 Hz,
phenyl C-3, C-5), 7.66-7.72 (2H, m, quinoxaline C-6, C-7), 7.81 (2H, d,
J = 7.45 Hz, phenyl C-2, C-6), 8.00 (1H, dd, J = 1.1 Hz, J = 7 Hz,
quinoxaline C-8), 8.02 (1H, dd, J = 1.1 Hz, J = 6.7 Hz, quinoxaline C-5),
9.28 (1H, s, N-H); 13C NMR (500 MHz, CDCl3), s(ppm): 12.93 (CHg,
C=N), 27.11 (CHgs, quinoxaline), 104.26 (CH, thiazole C-5), 127.96,
125.96, 128.20, 128.97, 129.11, 130.09, 134.40, 140.18, 140.57,
146.99 (C, thiazole C-4), 149.27 (C, C=N), 151.74, 153.28, 168.23 (C,
thiazole C-2); IR, em™: 3418.80 (N-H), 1566.60 (C=N), 1057 (N-N),
761.38 (C-S); M.W. = 359.45, LCMS (m/z): 360.0955 (M+).

2.2.3. (E)-4-(4-chlorophenyl)-2-(2-(1-(3-methylquinoxalin-2-yl)
ethylidene)hydrazinyDthiazole (3b)

Yellow solid; 'H NMR (500 MHz, CDCls), & (ppm): 2.56 (3H, s, CH3
C=N), 3.10 (3H, s, CH3 quinoxaline C-3), 6.92(1H, s, thiazole C-5), 7.37
(2H, d, J = 8.5 Hz, phenyl C-3, C-5), 7.68-7.73(2H, m, quinoxaline C-6,
C-7),7.74 (2H, d, J = 8.5 Hz, phenyl C-2, C-6), 8.02 (1H, dd, J = 1.2 Hz,
J = 9.1 Hz, quinoxaline C-8), 8.04 (1H, dd, J = 1.3 Hz, J = 9.2 Hz,
quinoxaline C-5), 9.10(1H, s, N-H); 3C NMR (500 MHz, CDCl3),
S(ppm): 12.90 (CH3,C=N), 27.08 (CH3 quinoxaline), 104.56 (CH,
thiazole C-5), 127.20, 128.86, 128.21, 130, 128.98, 129.15, 133.15,
133.66, 140.17, 140.60, 147.10 (C, thiazole C-4), 153.25, 150.67,
149.17 (C, C=N), 168.24 (C, thiazole C-2); IR, cm ™% 3335.95 (N-H),
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Table 1
Yield and physical constant of QH and 3a-3j.
Entry R! R? -Ar Yield (%) M. P. (°C)
QH H H — 91 192-193
3a -H -H C 85 221-223
3b -H -H 86 226-228
—< >—CI
3c -H -H 84 215-217
—<: :>—Br
3d -H -H C 88 222-224
F
3e -H -H C 91 218-219
O
\
3f -H H 87 227-229
—<: :)—CH3
3g -H -H . . 84 228-230
3h -H -H . 89 225-226
3i -CHs -CHjs : 88 252-254
O
\
CHs,
3j CH;  -CHs : 86 246-248

1552.45 (C=N), 1472, 1055 (N-N), 833.09 (C-Cl benzene), 750.31 (C-S
thiazole); M.W. = 393.89, LCMS (m/2): 393.9734 (M+).

2.2.4. (E)-4-(4-bromophenyl)-2-(2-(1-(3-methylquinoxalin-2-yl)
ethylidene)hydrazinyDthiazole (3c)

Pale yellow solid; 1H NMR (500 MHz, CDCl3), § (ppm): 3.07 (3H, s,
CHs, C=N), 3.17 (3H, s, CH3 quinoxaline C-3), 6.93 (1H, s, thiazole C-
5), 7.52 (2H, d, J = 8.5Hz, phenyl C-3, C-5), 7.69 (2H, d, J = 8.45Hz,
phenyl C-2, C-6), 7.71-7.74 (2H, m, quinoxaline C-6, C-7), 8.0 (1H, dd,
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1.05 Hz, J = 8.4 Hz, quinoxaline C-8), 8.04 (1H, dd, J=1.0 Hz, J = 8.2
Hz, quinoxaline C-5), 8.875 (1H, s, N-H); 13C NMR (500 MHz, CDCls),
S(ppm): 12.96 (CHs3, C=N), 27.09 (CH3 quinoxaline), 104.77 (CH,
thiazole C-5), 131.93, 131.81, 133.59, 127.50, 128.21, 121.84, 128.99,
129.15, 131.93, 131.81, 140.18, 140.60, 147.14 (C, thiazole C-4),
149.18, 150.70, 153.23, 168.3 (C, thiazole C-2); IR, em™l: 3418.41
(N-H), 1555.53 (C=N), 1059 (N-N), 723.70 (C-Br), 765.37 (C-S); M.
W. = 438.34, LCMS (m/2): 439.9812 (M+).

2.2.5. (E)-4-(4-fluorophenyl)-2-(2-(1-(3-methylquinoxalin-2-yl)
ethylidene)hydrazinyDthiazole (3d)

Yellow solid; '"H NMR (500 MHz, CDCl3), 5 (ppm): 2.54 (3H, s, CH3
C=N), 3.10 (3H, s, CH3 quinoxaline C-3), 6.86 (1H, s, thiazole C-5), 7.09
(2H, dd, J = 1.95 Hz, J = 8.4 Hz, phenyl C-3, C-5), 7.67-7.72 (2H, m,
quinoxaline C-6, C-7), 7.78 (2H, dd, J = 2 Hz, J = 8.5 Hz, phenyl C-2, C-
6),8.01 (1H, dd, J = 1.15 Hz, J = 8.2 Hz, quinoxaline C-8), 8.03 (1H, dd,
J = 1.2 Hz, J = 8.3 Hz, quinoxaline C-5), 9.11 (1H, s, N-H); °C NMR
(500 MHz, CDCI3), 5(ppm): 12.94 (CHs, G=N), 27.10 (CH3, quinoxa-
line), 103.83 (CH, thiazole C-5), 115.51, 115.68, 127.63, 127.69,
128.19, 128.97, 129.13, 130.15, 130.93, 130.95, 140.16, 140.57,
147.09 (C, thiazole C-4), 149.20 (C=N), 150.80, 153.24, 163.59 (C-F,
phenyl), 163.55 (C-F, Phenyl), 168.36 (C, thiazole C-2); IR, em ™%
3427.94 (N-H), 1561.72 (C=N), 1056 (N-N), 760.43 (C-S), 726.75
(C-F); M. W. = 377.44, LCMS (m/z): 378.0548 (M+).

2.2.6. (E)-4-(4-methoxyphenyD)-2-(2-(1-(3-methylquinoxalin-2-yl)
ethylidene) hydrazinyDthiazole (3e)

Yellow solid; H NMR (500 MHz, CDCl3), é§ (ppm): 2.48 (3H, s, CHs,
C=N), 3.10 (3H, s, CH3 quinoxaline C-3), 3.81 (3H, s, OCH3, phenyl),
6.92 (2H, d, J = 9.7 Hz, phenyl C-3, C-5), 6.79 (1H, s, thiazole C-5),
7.66-7.71 (2H, m, quinoxaline C-6, C-7), 7.74 (2H,d, J = 9.7 Hz, phenyl
C-2, C-6), 7.99 (1H, dd, J = 1.15 Hz, J = 7.5 Hz, quinoxaline C-8), 8.02
(1H, dd, J = 1.2 Hz, J = 7.8 Hz, quinoxaline C-5), 9.32 (1H, s, N-H); 13C
NMR (500 MHz, CDCls), 5(ppm): 12.94 (CHs C=N), 27.15 (CHs, qui-
noxaline), 55 (-OCHs3 phenyl), 102.42 (CH, thiazole C-5), 114.06,
127.24, 127.63, 128.95, 129.06, 130.03, 140.16, 140.51, 146.30 (C,
thiazole C-4), 149.94 (C, C=N), 151.53, 153.30, 159.46 (C-OCHjs),
168.36 (C, thiazole C-2); IR, cm - 3364.21 (N-H), 1549.41 (C=N),
1243.11 (C-0), 1147.81 (O-CH3), 1058 (N-N), 759.76 (C-S); M. W. =
389.47, LCMS (m/z): 390.0885 (M+).

2.2.7. (E)-2-(2-(1-(3-methylquinoxalin-2-yl)ethylidene)hydrazinyl)-4-(p-
tolyDthiazole (3f)

Yellow solid; "H NMR (500 MHz, CDCls), § (ppm): 2.36 (3H, s, CHs
phenyl C-4), 2.52 (3H, s, CH3, C=N), 3.11 (3H, s, CHs, quinoxaline C-3),
6.88 (1H, s, thiazole C-5), 7.21 (2H, d, J = 7.21 Hz, phenyl C-3, C-5),

0 S CH,4 H
s R! s N__NH
R iO oy, Nm, _EIOH, AcOH (Cat) N Ny N
295 2 H Reflux, 3-4 hrs. 2 S
R NOCHy; . R CHs
1 (a and b) Thiosemicarbazide 2(a and b)
NH,;NH, H,0 | AcOH (Cat.), O EtOH,
EtoH | Reflux, 30 min. A J\/Br Stirring,
T r.t., 4-Shrs.
CH; g
R! s N/ s
6 B¥
RZESZNTCH,
Ar
3(a-j)

Scheme 1. Synthesis of thiazole-quinoxaline derivatives (3a-3j) and QH.
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7.68-7.72 (2H, m, quinoxaline C-6, C-7), 7.70 (2H, d, J = 7.9 Hz, phenyl
C-2, C-6), 8.01 (1H, dd, J = 1.1 Hz, J = 7.7 Hz, quinoxaline C-8), 8.03
(1H, dd, J = 1.2 Hz, J = 7.75 Hz, quinoxaline C-4), 9.14 (1H, s, N-H); 13C
NMR (500 MHz, CDCls), (ppm): 12.92 (CH3, C=N), 21.25(CHs, phenyl
C-4), 27.14 (CHs, quinoxaline), 103.44 (CH, thiazole C-5), 125.85,
128.18, 128.95, 129.07, 129.38, 130.04, 131.92, 137.78, 140.17,
140.53, 146.92 (C, thiazole C-4), 149.90 (C, C=N), 151.82, 153.30,
168.25 (C, thiazole C-2); IR, cm-1: 3369.96 (N-H), 1567.04 (C=N),
1057 (N-N), 757.85 (C-S); M. W. = 373.47, LCMS (m/z): 374.0600
(M+).

2.2.8. (E)-4-([1,1-biphenyl]-4-yD)-2-(2-(1-(3-methylquinoxalin-2-yl)
ethylidene)hydrazinyDthiazole (3g)

Yellow solid; 'H NMR (500 MHz, CDCls), § (ppm): 2.55 (3H, s, CHs,
C=N), 3.12 (3H, s, CHs, quinoxaline C-3), 6.98 (1H, s, thiazole C-5),
7.34 (1H, t,J = 7.4 Hz, biphenyl C-8), 7.44 (2H, t,J = 7.4 Hz,J = 7.8 Hz,
C-7, biphenyl C-9), 7.63 (2H, d, J = 8.3 Hz, biphenyl C-3, C-11),
7.67-7.74 (2H, m, quinoxaline C-6, C-7), 7.64 (2H, d, J = 7.8 Hz,
biphenyl C-6, C-10), 7.88 (2H, d, J = 8.3 Hz, biphenyl C-2, C-12), 8.01
(1H, dd, J = 1.45 Hz, J = 7.6 Hz, quinoxaline C-8), 8.03 (1H, dd, J =
1.15 Hz, J = 7.74 Hz, quinoxaline C-5), 9.14 (1H, s, N-H); 3C NMR
(500 MHz, CDCls), §(ppm): 12.93 (CHs, C=N), 27.12 (CH3, quinoxa-
line), 104.34 (CH, thiazole C-5), 126.35, 126.99, 127.39, 128.22,
128.81, 128.99, 129.13, 130.12, 133.58, 140.19, 140.60, 140.65,
147.02 (C, thiazole C-4), 149.25 (C, C=N), 151.41, 153.29, 168.17 (C,
thiazole C-2); IR, em ™ 3438.22 (N-H), 1568.50 (C=N), 1059 (N-N),
753.90 (C-S); M. W. = 435.54, LCMS (m/2): 436.2437 (M+).

2.2.9. (E)-2-(2-(1-(3-methylquinoxalin-2-yl)ethylidene) hydrazinyl)-4-
(naphthalen-2-yl)thiazole (3h)

Yellow solid; '"H NMR (500 MHz, CDCls), 5 (ppm): 2.53 (3H, s, CHs
C=N), 3.12 (3H, s, CH3 quinoxaline C-3), 7.05(1H, s, thiazole C-5),
7.43-7.47 (2H, m, naphthyl C-6, C-7), 7.67-7.73 (2H, m, quinoxaline C-
6, C-7), 7.80 (1H, d, J = 8.7 Hz, naphthyl C-3), 7.85 (1H, d, J = 8.7 Hz,
naphthyl C-4), 7.87-7.89 (2H, m, naphthyl C-5, C-8), 8.0 (1H, dd, J =
1.9 Hz, J = 7.2 Hz, quinoxaline C-8), 8.02 (1H, dd, J = 1.6 Hz, J = 6.9
Hz, quinoxaline C-5), 8.32 (1H, s, naphthyl C-1), 9.20 (1H, s, N-H); 3C
NMR (500 MHz, CDCl3), 6(ppm): 12.97 (CH3, C=N), 27 (CHs, qui-
noxaline), 104.81 (CH, thiazole C-5), 123.93, 124.9126.06 126.36,
127.68, 128.20, 128.36, 128.99, 129.11, 130.11, 131.87, 133.08,
133.63, 140.17, 140.57, 147.17 (C, thiazole C-4), 149.21 (C, C=N),
151.70, 153.23, 168.35 (C, thiazole C-2); IR, cm™ % 3293.98 (N-H),
1563.43 (C=N), 1055 (N-N), 750.39 (C-S); M. W. = 409.51, LCMS (m/
2): 410.2076 (M+).

2.2.10. (E)-4-(4-methoxyphenyl)-2-(2-(1-(3,6,7-trimethylquinoxalin-2-
yDethylidene)hydrazinylthiazole (3i)

Yellow solid; H NMR (500 MHz, CDCl3), 5 (ppm): 2.4819 (3H, s,
CHj3, quinoxaline C-7), 2.4899 (3H, s, CH3, quinoxaline C-6), 2.54 (3H, s,
CH3 C=N), 3.06 (3H, s,CH3 quinoxaline C-3), 3.84 (3H, s, -OCHj,
phenyl), 6.78 (1H, s, thiazole C-5), 6.93 (1H, s, quinoxaline C-8), 6.95
(1H, s, quinoxaline C-5), 7.74 (2H, d, J = 9.2 Hz, phenyl C-3, C-5), 7.77
(2H, d, J = 9.2 Hz, phenyl C-2, C-6), 8.9 (1H, s, N-H); 13C NMR (500
MHz, CDCl3), 5(ppm): 12.91 (CH3, C=N), 20.22 (-CH3 quinoxaline C-7),
20.46 (CH3, quinoxaline C-6), 26.95 (CH3 quinoxaline C-4), 55.34
(OCHs, Phenyl), 102.40 (CH, thiazole C-5), 114.06, 127.23, 127.38,
127.66, 128.03, 139.13, 139.46, 139.54, 140.72 (C, thiazole C-4),
148.42 (C, C=N), 152.25, 159.47, 168.18 (C, thiazole C-2); IR, em™ b
3399.44 (N-H), 1564.92 (C=N), 722.75 (C-S), 1060 (N-N); M. W. =
417.53, LCMS (m/z): 418.2182 (M+).

2.2.11. (E)-4-(p-tolyl)-2-(2-(1-(3,6,7-trimethylquinoxalin-2-yl)
ethylidene)hydrazinylthiazole (3j)

Yellow solid; 'H NMR (500 MHz, CDCls), & (ppm): 2.37 (3H, s),
2.4758 (3H, s, CHs, quinoxaline C-7), 2.4841 (3H, s, CHs, quinoxaline C-
6), 2.52 (3H, s, CH3, C=N), 3.06 (3H, s, CHs, quinoxaline C-3), 6.8 (1H,
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s, thiazole C-5), 7.20 (1H, s, quinoxaline C-8), 7.21 (1H, s, quinoxaline
C-5), 7.70 (2H, d, J = 8.5 Hz, C-3, phenyl C-5), 7.76 (2H, d, J = 8.5 Hz,
phenyl C-2, C-6), 9.07 (1H, s, N-H); '3C NMR (500 MHz, CDCls),
6(ppm): 12.93 (CH3, C=N), 20.22 (CH3, quinoxaline C-7), 20.45 (CHs,
quinoxaline C-7), 21.26 (CHs, phenyl C-4), 26.96 (CHs, quinoxaline C-
4), 103.38 (CH, thiazole C-5), 125.84, 127.03, 128.37, 129.38, 131.96,
137.75, 139.12, 139.46, 139.53, 140.71, 147.13 (C=N), 148.41 (C,
thiazole C-4), 151.76, 152.25, 168.21 (C, thiazole C-2); IR, cm™:
3399.44 (N-H), 1564.92 (C=N), 1060 (N-N), 722.75 (C-S); M. W. =
401.53, LCMS (m/2): 402.2121 (M+).

2.3. Antimicrobial activity assay

The in vitro antibacterial activity of AT, QH and 3a-3j compounds
was checked against S. pyogenus (MTCC442), S. aureus (MTCC96), E. coli
(MTCC443) and P. aeruginosa (MTCC1688) bacterial strains using broth
microdilution method [73] along with varied reference standards
chloramphenicol, ciprofloxacin and norfloxacin. However, AT, QH and
3a-3j molecules were examined for antifungal activity against A. niger
(MTCC 282), C. albicans (MTCC 227) and A. clavatus (MTCC 1323) with
reference standards griseofulvin and nystatin. The stock solution (2000
pg/mL) of each compound was prepared in dimethyl sulphoxide.
Mueller Hinton Broth was used as a nutrient medium for the test bac-
teria. Ciprofloxacin, chloramphenicol, norfloxacin, griseofulvin and
nystatin were used as a standard reference for positive control. The
primary screening was carried out with 1000, 500 and 250 pg/mL
diluted solutions. After primary screening, only active molecules were
used for the secondary screening. The secondary screening was per-
formed with diluted solutions with concentrations of 200, 100, 50, 25,
12.5 and 6.25 pg/mL. The minimal inhibitory concentration (MIC in
pg/mL) for each synthesized molecule was measured by using the results
of primary screening and secondary screening data.

2.4. Molecular docking

The molecular docking of molecules (ligands) and protein (PDB ID:
2XCT) was computed in AutoDock Vina software [74]. The twined
3.35A structure of S. aureus gyrase complex with ciprofloxacin and DNA
(2XCT) [75] was downloaded from https://www.rcsb.org. in PDB file
format. The structures of all molecules were drawn in Chem Draw
ultra-software version 12.0.2 and further converted into PDB format by
using open Babel software. The preparation of the protein and the ligand
molecules with a grid box was carried out by using a standard protocol
[76]. All prepared PDBQT format files were run in AutoDock Vina
software to obtain binding affinity values for different stable confor-
mations of the docked molecule (ligand) with the protein in the log file
and output files in PDBQT format. All PDBQT format results obtained in
AutoDock Vina software were visualized in Biovia Discovery Studio
2021 software for the interpretation of the ligand-protein interactions.
All 3D and 2D images were saved in PNG format.

3. Results and discussion
3.1. Chemistry

The synthesis of proposed molecules 3a-3j was performed in two
steps (Scheme-1). In the first step, thiosemicarbazone (2a-2b) was ob-
tained by refluxing ketone (1a-1b) with thiosemicarbazide in ethanol.
Further, in the second step targeted molecules 3a-3j were obtained by
condensation and cyclisation of thiosemicarbazone (2a-2b) with 2-
bromo-1-phenylethanone derivatives in ethanol at room temperature.
(E)-2-(1-hydrazonoethyl)-3-methylquinoxaline (QH) was prepared by
condensation of 1la with hydrazine hydrate in ethanol (Scheme-1)
further 4-(4-chlorophenyl)thiazol-2-amine (AT) was purchased from
Sigma-Aldrich for the anti-microbial evaluation.

Synthesized hybrids (3a-3j) were confirmed by analysing the
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spectral data produced by 'H NMR, '3C NMR, LCMS and FT-IR spec-
troscopic techniques. In 'H NMR analysis, the methyl group attached to
C-3 of electron-withdrawing quinoxaline ring appeared as a singlet in
the range of § 3.06-3.17 ppm while the other methyl group attached to
C=N exhibited a singlet in the lower region of § 2.36-3.07 ppm due to
the conjugation of hydrazine group. The characteristic singlet signal of a
proton at C-5 of the thiazole ring appeared in the range of 5§ 6.78-7.05
ppm. The proton of N-H in molecules showed a characteristic singlet
signal in the region of 5 8.87-9.32 ppm. Aryl protons appeared between
§ 6.68-8.02 ppm.

The '3C NMR spectrum of molecules 3a-3j revealed that —CHs of the
hydrazone group exhibited a signal in the range of § 12.90-12.98 ppm.
The other —CH3 attached to C-3 of the quinoxaline ring appeared in the
range of § 26.94-27.40 ppm. The carbon C-2 of the thiazole ring bonded
to sulfur and two nitrogen atoms displayed a signal between §
168.21-168.36 ppm. The peak of carbon C-4 of the thiazole appeared in
the range of § 146-147 ppm. The characteristic signal of -CH (C-5) of the
thiazole ring displayed between § 102.40-104.81 ppm while the carbon
of the imine group which attached to C-2 of the quinoxaline ring and
nitrogen exhibited a signal in the range of § 147.13-149.94 ppm. The
C=N stretching was detected in the FT-IR spectrum in the range of
1552.15-1567.04 cm~'. The characteristic absorption band for N-H
appeared in the range of 3293.98-3438.22 cm ™', The structure of all
products (3a-3j) was also supported by molecular ion peaks in mass
spectroscopy.

3.2. Antimicrobial activity

The in vitro anti-bacterial and anti-fungal potential of newly syn-
thesized molecules AT, QH and 3a-3j were checked against bacterial
strains (S. pyogenus, S. aureus, E. coli and P. aeruginosa) and fungal strains
(A. niger, C. albicans and A. clavatus) by using broth microdilution
method. The results of the anti-bacterial activity of the compounds (AT,
QH and 3a-3j) were evaluated using minimal inhibitory concentration
(MIC) as shown in Table 2. The compounds (AT, QH and 3a-3j)
exhibited moderate to potent inhibition against all the tested bacterial
strains. Compound 3b showed the highest anti-bacterial activity (MIC =
12.5 pg/mL) against S. aureus than ciprofloxacin (MIC = 50 pg/mL) and
chloramphenicol (MIC = 50 pg/mL), while exhibiting good anti-
bacterial activity compared to with norfloxacin (MIC = 10 pg/mL).
The molecules 3f and 3i exhibited good anti-bacterial activity (MIC =
50 pg/mL) against S. aureus. The anti-bacterial activity was decreased in
the sequence of 3d, 3a, 3c, 3e, 3h, 3g and 3j respectively. Similarly,
molecule 3b displayed good anti-bacterial activity (MIC = 25 pg/mL)
against P. aeruginosa bacterial strain compared with reference drugs.
The compounds 3¢, 3d, 3f, 3h and 3i showed moderate anti-bacterial

Table 2

Antibacterial activities of synthesized compounds.
Entry Bacterial Pathogens and their MIC values in pg/mL

E. coli P. aeruginosa S. aureus S. pyogenus

AT 100 125 200 100
QH 62.5 100 100 125
3a 250 250 125 62.5
3b 50 25 12.5 62.5
3c 100 62.5 125 125
3d 62.5 125 100 250
3e 100 250 125 100
3f 125 100 50 25
3g 125 250 250 100
3h 250 100 125 100
3i 100 125 50 62.5
3j 250 500 250 100
Chloramphenicol 50 50 50 50
Ciprofloxacin 25 25 50 50

Norfloxacin 10 10 10 10
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activities against P. aeruginosa. The decreasing anti-bacterial potential
order against E. coli strain was found that 3b, 3d, 3c, 3i, 3e, 3g, 3a, 3h
and 3j respectively. The molecule 3f exhibited the highest anti-bacterial
activity (MIC = 25 pg/mL) against S. pyogenus compared to ciprofloxa-
cin (MIC = 50 pg/mL) and chloramphenicol (MIC = 50 pg/mL) as well as
molecules 3a, 3b and 3i exhibited good anti-bacterial potential against
S. pyogenus bacterial strain. The MIC values for anti-bacterial activities
elucidated that compound 3b is a good antibacterial agent against
S. aureus, S. pyogenus, E. coli and P. aeruginosa bacterial strains.

The MIC values of anti-fungal activity (shown in Table 3) displayed
that compounds 3f and 3g exhibited good activity (MIC = 250 pg/mL)
against C. albicans when compared to Griseofulvin (MIC = 500 pg/mL).
The molecules 3g and 3c exhibited moderate anti-fungal activity (MIC
= 500 pg/mL) against A. clavatus and A. niger but the rest of the com-
pounds are not active for screened fungal strains.

4-(4-chlorophenyl)thiazol-2-amine (AT) and (E)-2-(1-hydrazo-
noethyl)-3-methylquinoxaline (QH) are two logical fragments of highly
potent antibacterial compound 3b (MIC = 12.5 pg/mL). Compound AT
exhibited anti-bacterial activity in the range of MIC = 100-200 pg/mL,
while compound QH displayed anti-bacterial activity in the range of
MIC = 62.5-125 pg/mL against the tested bacterial strains (Table 2).
This study revealed that the anti-bacterial activity of both fragments was
boosted after the clubbing of thiazole and quinoxaline pharmacophores
in the targeted molecule (3b).

3.3. Molecular docking

The DNA gyrase is an important enzyme for the replication of bac-
terial species [77]. The designing and synthesis of good inhibitors of
S. aureus DNA gyrase are vital targets of many researchers [53,78-83].
The molecules 3b, 3d, 3f and 3i exhibited significant MIC values in the
antibacterial evaluation, therefore the molecular docking of these mol-
ecules was performed with S. aureus DNA gyrase (PDB ID: 2XCT) by
using AutoDock Vina software. The twined 3.35A structure of S. aureus
gyrase complex with ciprofloxacin and DNA (2xct) is shown in Fig. 6. All
images were visualized in Biovia Discovery Studio 2021 software. The
result obtained by molecular docking of molecules 3b, 3i, 3f and 3d with
S. aureus DNA gyrase is summarised in Table 4 and also represented in
3D and 2D images in Fig. 7.

In the molecular docking analysis of molecule 3b, the most stable
conformation was observed at the highest binding affinity —10.9 kcal/
mol (Table 4). The methyl group attached to quinoxaline moiety dis-
played hydrophobic pi-sigma interaction in which C-H bonds of the
methyl group interacted with pi-orbitals of adenine-H13 of DNA
nucleotide by distance 3.71 A. The pi orbital of sulfur of thiazole moiety
interacted with pi orbitals of threonine-E8 and guanine-G9 of DNA by
distances of 4.07 and 4.23 A respectively. The pi orbital of the chlorine

Table 3
Antifungal activities of synthesized compounds.
Entry Fungal Pathogens and their MIC values in pg/mL
C. albicans A. niger A. clavatus
AT 1000 1000 1000
QH 500 1000 1000
3a 1000 1000 1000
3b 1000 1000 1000
3c 500 500 1000
3d 500 1000 1000
3e 1000 1000 1000
3f 250 1000 1000
3g 250 500 500
3h 1000 1000 1000
3i 1000 1000 >1000
3j 500 1000 >1000
Nystatin 100 100 100
Griseofulvin 500 100 100
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Fig. 6. Structure of twined 3.35A structure of S. aureus gyrase complex with
ciprofloxacin and DNA (PDB: 2XCT).

atom of molecule 3b interacted with the alkyl group of phenylalanine-
1123 residue of protein by a distance of 4.72 A. The pi orbitals of qui-
noxaline moiety displayed hydrophobic pi-alkyl interactions with the
alkyl group of arginine-458 by distances 4.33 and 4.81 A. The hydro-
phobic pi-pi stacked interactions exhibited between pi-orbitals of thia-
zoole moiety and pi orbitals of thymine-E8 of DNA with a distance of 3.82
A.

In the molecular docking analysis of molecule 3i, the most stable
conformation was observed at the highest binding affinity —10.6 kcal/
mol (Table 4). The pi-orbitals of quinoxaline moiety interacted with C-H
of arginine 458 by distance 3.48 A, while C-H bonds of methyl group
attached to quinoxaline moiety (C-3) interacted with pi-orbitals of
adenine-H13 of DNA by distance 3.66 A. The pi-pi stacked type of in-
teractions observed between pi-orbitals of quinoxaline and thiazole
moieties with guanine-G9 of DNA by distance 4.97 and 5.37 A, while
thiazole moiety interacted with threonine-E8 by distance 3.95 A. The pi-
alkyl interactions established between the pi-orbitals of phenylalanine-
1123 and the methyl group (C-H bond) of methoxy substituent by dis-
tance 4.95 A and also between pi- orbitals of quinoxaline moiety and
arginine-458 by distance 4.35 A.

In the molecular docking analysis of molecule 3f, the most stable
docking conformation was observed at the highest binding affinity
—10.4 kcal/mol (Table 4). In hydrophobic pi-alkyl interactions, pi-
orbitals of phenylalanine-1123 and quinoxaline moiety interacted
with the methyl group of the phenyl ring and the alkyl group of arginine-
458 respectively by distance 4.76 and 4.34 A. The hydrophobic pi-pi
stacked interactions established between pi-orbitals thiazole moiety
and thymine-E8 of DNA by a distance of 3.91 A as well as between pi-
orbitals of quinoxaline moiety and guanine-G9 of DNA by a distance
4.98 A. The methyl group (C-H bonds) attached to quinoxaline moiety
displayed pi-sigma hydrophobic interaction with pi-orbitals of adenine-
H13 of DNA by a distance of 3.67 A.

In the molecular docking analysis of molecule 3d, the most stable
conformation was observed at the highest binding affinity —10.3 kcal/
mol (Table 4). The pi-orbitals of quinoxaline moiety displayed hydro-
phobic pi-alkyl interaction with the alkyl group of arginine-458 by a
distance of 4.44 A. The methyl group attached to quinoxaline moiety (C-
3) displayed the pi-sigma hydrophobic interaction with pi-orbitals of
adenine-H13 of DNA by a distance of 3.88 A. The pi-orbital sulfur of
thiazole moiety interacted with the pi-orbital of guanine-G9 of DNA by a
distance of 3.93 A. The hydrophobic pi-pi stacked interactions observed
between the pi-orbital of thiazole moiety and pi-orbital of thymine-E8 of
DNA (3.68 A) as well as between the pi-orbital of thymine-E8 of DNA
and pi-orbitals of phenyl ring (5.81 A).

Both in silico and antibacterial studies of synthesized molecules
confirmed the efficacy of our novel compound 3b. The in silico data
about the binding affinity between the ligand (compound 3b) and target
(DNA gyrase) was generated using the AutoDock vina docking platform.
The docking analysis depicted a higher negative value for the binding
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Table 4
Molecular docking analysis of 3b, 3i, 3f and 3d with S. aureus DNA gyrase.
Entry  Binding Type of Binding sites Interaction
affinity interactions Distance (A)
(kcal/mol)
3b -10.9 pi-sigma methyl group of 3.71
quinoxaline (sigma)
—Adenine- H13 (DNA)
(p)
pi-sulfur sulfur of thiazole — 4.07
thymine-E8 (DNA) (pi)
sulfur of thiazole — 4.23
guanine-G9 (DNA) (pi)
pi-pi stacked thiazole (pi) — thymine-  3.82
E8 (DNA) (pi)
pi-alkyl Cl atom (pi) — 4.72
phenylalanine-1123
(alkyl)
quinoxaline (pi) — 4.33, 4.81
arginine-458 (alkyl)
3i -10.6 pi-sigma C-H bond of Argenine- 3.48
458 (sigma) —
quinoxaline (pi)
methyl group of 3.66
quinoxaline (sigma) —
adenine-H13 (DNA) (pi)
pi-pi stacked guanine-G9 (DNA) (pi) 5.37
— thiazole (pi)
guanine-G9 (DNA) (pi) 4.97
— quinoxaline (pi)
thiazole (pi) - thymine-  3.95
E8 (DNA) (pi)
pi-alkyl phenylalanine-1123 4.95
(pi)— methyl of
methoxy (alkyl)
quinoxaline (pi) — 4.35
Argentine-458 (alkyl)
3f -10.4 pi-sigma methyl group of 3.67
quinoxaline (sigma) —
Adenine-H13 (DNA)
(pi)
pi-pi stacked thiazole (pi) - thymine-  3.91
E8 (DNA) (pi)
guanine-G9 (DNA) (pi) 4.98
— quinoxaline (pi)
pi-alkyl phenylalanine-1123 (pi)  4.76
— methyl group of
phenyl ring (alkyl)
quinoxaline (pi) — 4.34
arginine-458 (alkyl)
3d -10.3 pi-sigma methyl group of 3.88
quinoxaline (sigma) —
adenine-H13 (DNA) (pi)
pi-sulfur sulfur of thiazole — 3.93

guanine-G9 (DNA) (pi)

thiazole (pi) — thymine-  3.68
E8 (DNA) (pi)

thymine-E8 (DNA) (pi) 5.81
— phenyl ring (pi)

quinoxaline (pi) — 4.44
arginine-458 (alkyl)

pi-pi stacked

pi-alkyl

affinity between the ligand and DNA complex, indicative of the stronger
binding between the two. The binding affinity of compound 3b (—10.9
kcal/mol) against various nitrogenous bases of DNA like adenine,
thymine and guanine, is more profound for adenine-H13 (3.71 A) and
least for guanine-G9 (4.23 A). The affinity and interactions of compound
3b with various DNA bases suggest that the compound may bind to some
of these and inhibit the replication process by creating topological
changes in the DNA molecule. Also, the in silico analysis exhibited the
affinity of compound 3b for DNA gyrase, an ATP-dependent important
bacterial enzyme (topoisomerase) that controls DNA topological tran-
sitions by catalysing negative super-coiling of double-stranded closed-
circular DNA.

The strong inhibition of growth or doubling of S. aureus was evident
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Fig. 7. Interactions showing in molecular docking of 3b, 3i, 3f and 3d with S. aureus DNA gyrase in 3D and 2D representation respectively (a) 3D ribbon-stick
structure, (b) 3D stick structure, (¢) 3D H-bond donor-acceptor structure and (d) 2D structure with interaction distance.

in the presence of 3b (Table 2) as compared to the same bacterium
without the compound, suggesting interference of compound 3b in the
replication process. In this way, the work proposes compound 3b as a
potent inhibitor of DNA replication either by binding to DNA bases
directly or through blocking DNA gyrase.

Further, this study revealed that all docked molecules significantly
interacted with adenine, thymine and guanine bases of DNA gyrase of
S. aureus bacterial protein. The molecules 3i, 3f and 3d showed —10.6,
—10.4 and —10.3 kcal/mol (Table 4) binding affinities respectively.
Therefore, molecules 3i, 3f and 3d are also good inhibitors of S. aureus
DNA gyrase.

4. Conclusion

A series of novel thiazole-quinoxaline hybrids were designed and
synthesized efficiently. These newly synthesized molecules were char-
acterized by spectroscopic techniques and evaluated for antibacterial as
well as antifungal activities. Some derivatives show moderate to excel-
lent activities against bacteria and fungi. Compound 3b exhibited higher
anti-bacterial activity such as MIC = 12.5, 25, 50 and 62.5 pg/mL
against S. aureus, P. aeruginosa, E. coli and S. pyogenus respectively. The
excellent anti-bacterial activity of compound 3b makes it an attractive
anti-bacterial candidate. The result showed that all reported hybrid
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Fig. 7. (continued).

molecules are potentially active against C. albicans. Compounds 3¢, 3d,
and 3j are equally potent (MIC = 500 pg/mL) while 3f and 3g are highly
potent (MIC = 250 pg/mL) against C. albicans as compared to Griseo-
fulvin (MIC = 500 pg/mL). The molecular docking study revealed that
some synthesized derivatives significantly interacted with S. aureus DNA
gyrase. The most stable conformation of compound 3b showed higher
binding affinity (—10.9 kcal/mol) with S. aureus DNA gyrase than that of
3i (—10.6 kcal/mol), 3f (—10.4 kcal/mol) and 3d (—10.3 kcal/mol)
compounds.
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