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synthesis of some novel
thiazolidinone appended benzothiazole–triazole
hybrids as antimicrobial agents†

Bhaskar Dwivedi,a Diksha Bhardwajb and Deepika Choudhary *a

The global increase in bacterial resistance poses a significant threat, jeopardizing the effectiveness of

antibiotics. Therefore, the development of new and efficient antimicrobial agents is pre-dominant.

Taking this into consideration, in the present study, we designed and reported the facile synthesis of two

novel series benzothiazole–triazole and thiazolidinone-appended benzothiazole–triazole hybrids using

a molecular hybridization approach in a one-pot process. The synthesized compounds were tested for

microbial growth inhibition against bacterial and fungal strains. Among all the synthetics, compounds

derived from methoxyphenyl and heteroaromatic ring substitutions exhibited promising inhibitory

activity. The current investigation has emphasized that benzothiazole–triazole hybrids incorporating

thiazolidinone can be a promising and potent category of molecules with potential biological activities.

This sustainable and eco-friendly protocol involves the metal-free, catalyst-free synthesis of bioactive

scaffolds, which merges broad tolerance for functional groups with a short reaction time, resulting in

good to excellent yields.
Introduction

The substantial discovery of drugs with enhanced applications
has been a constant pursuit for a long period of time. A nuanced
approach to designing and developing novel chemical entities
with improved biological and pharmacological activities in drug
discovery involves integrating biologically active fused hetero-
cyclic fragments into a unied framework.1 A simple alternation
with the starting material and synthetic route will lead to the
sustainable synthesis of stupendous heterocyclic scaffolds.
Benzothiazole is a privileged heterocycle found in several drugs
and has garnered signicant attention due to its versatile
applications in diverse elds such as synthetic chemistry,
material science, and pharmaceutical chemistry.2–4 Some of the
biological properties of benzothiazole-containing heterocyclic
scaffolds include antitumor activity,5 immunosuppressive
activity,6 and antimicrobial activity.7 They have also been
explored as scintillating uorescent compounds,8 luminescent
Ir(III) complexes containing benzothiazole-based ligands with
application in organic light-emitting diodes,9 and Pd(II) pincer
complexes as anticancer agents.10 Among the class of benzo-
thiazole derivatives, benzo[4,5]thiazolo[2,3-c][1,2,4]triazole
scaffolds stand out as the most potent member known to
asthan, Jaipur, Rajasthan, India
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exhibit a broad range of biological activities, as shown in Fig. 1,
such as anti-inammatory activity,11 promising antimicrobial
agents,12 commercially available fungicides,13,14 and act as
specic kinase inhibitors & receptors,15 and show anticancer
activities.16 Moreover, recently it was reported to be a nicotin-
amide mimicking chemotype that can inhibit different PARP
family enzymes.17 In contrast, thiazolidinone has been proven
to be an excellent core moiety for the development of various
synthetic drugs because of its structural and synthetic diversity
and broad spectrum of biological activities.18,19 Various 4-thia-
zolidinone derivatives have been proposed as anticancer bio-
targets, such as phosphatase of a regenerating liver (PRL-3),20

tumor necrosis factor TNFa,21 non-nucleoside inhibitors of HIV-
RT,22 COX-2 inhibitors,23 SARS-COV-2 protease inhibitors24 and
ALR2 inhibitors.25 However, the potent nature of thiazolidinone
has been noted for its versatile behavior when combined with
other bioactive scaffolds, showcasing a wide range of biological
properties.26–28 More specically, the condensation of the 4-
thiazolidinone ring with a benzothiazole nucleus led to
compounds that showed promising biological activities.29

Due to their intriguing biological properties and potential as
pharmaceutical agents, thiazolidinone-based benzothiazole
derivatives have garnered signicant interest from the synthetic
community. Consequently, various researchers have meticu-
lously documented the progress of this scaffold through
chemical modications.30–32 Recently, Geronikaki et al. reported
the potential pharmacological exploitation of thiazole/
benzothiazole-based thiazolidinone derivatives as promising
drug candidates.24 Khan et al. conducted a stepwise synthesis of
RSC Adv., 2024, 14, 8341–8352 | 8341
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Fig. 1 Synthetic drugs bearing pharmacophore sub-units.
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thiazolidinone-based benzothiazole derivatives and demon-
strated their inhibitory activity.33 The previously studied
approaches to access these pharmacophores involve a common
Fig. 2 Design SAR of the target compound.

8342 | RSC Adv., 2024, 14, 8341–8352
strategy employing conventional methods with synthetic
precursors and catalysts. Despite the simplicity of this type of
sequential synthesis, it remains challenging for chemists to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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construct molecular hybrids from such a convergent route. As
part of our green synthetic strategy toward the synthesis of these
potent hybrids, we envisioned that our metal-free approach to
designing such a hybrid framework could provide a platform to
synthesize a series of compounds with catalyst-free direct
functionalizations on readily available starting precursors.
Furthermore, such a modular strategy would be amenable to
the preparation of analogs of this important scaffold.

Therefore, in light of the above three pharmacophores
(benzothiazole, triazole, and thiazolidinones) have been amal-
gamated within a single novel hybrid using a molecular
hybridization approach. With the recent advances in molecular
hybridization (MH) strategies, new hybrid structures that
exhibit higher biological activity, improved efficiency, and
a safer toxicity prole when compared to the parent compounds
could be developed by combining the active moieties of various
compounds.34,35

The correlation between chemical structure and biological
activity is employed to aim that the synergistic effect of these
pharmacophores could lead to derive drugs that are both more
potent and more specic. In this context, structure–activity
relationships (SAR) have been employed to gain a comprehen-
sive understanding of the mechanisms of multi-target mode of
action of drugs36 (Fig. 2). Herein, as a part of our endeavour to
create a novel bioactive heterocyclic hybrids37–40 we report the
synthesis of benzo[4,5]thiazolo[2,3-c][1,2,4]triazole derivatives
and thiazolidinone-appended benzo[4,5]thiazolo[2,3-c][1,2,4]
Scheme 1 Synthesis of benzothiazole–triazole 4 and thiazolidinone-ap

© 2024 The Author(s). Published by the Royal Society of Chemistry
triazole derivatives by employing cost-effective starting mate-
rials in a one-pot process and further evaluated them for their
antimicrobial activities.
Results and discussion

The general synthetic pathway of benzothiazolo[2,3-c][1,2,4]tri-
azole derivatives 4a–l involves the starting material, 2-hydrazi-
nobenzothiazole which was rst prepared by the reported
method.41 Firstly, a mixture of 2-mercaptobenzothiazole and
hydrazine hydrate was reuxed in ethanol to obtain 2-hydrazi-
nobenzothiazole. The reaction proceeded via a one-pot
approach, a mixture of 2-hydrazinobenzothiazole 1, anthra-
nilic acid 2, and various aromatic/heteroaromatic aldehydes 3a–
l were treated under reux conditions to obtain benzothiazole–
thiazole derivatives. For another series, the targeted
thiazolidinone-appended benzothiazolo[2,3-c][1,2,4]triazole
derivatives 6a–h were synthesized via the addition of thio-
glycolic acid 5 with synthesized benzothiazole–triazoles 4 as
depicted in Scheme 1. The reaction underwent screening with
various solvents to optimize the reaction conditions, as outlined
in Table 1. Ethanol emerged as the optimal solvent for both
series, demonstrating superior yields compared to other
solvents (Scheme 1 and Table 1). This outcome demonstrates
the feasibility of our suggested metal-free reaction involving the
synthesis of bioactive benzothiazole–triazole derivatives.
pended benzothiazole–triazole hybrids 6.

RSC Adv., 2024, 14, 8341–8352 | 8343

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00990h


Table 1 Optimization of the reaction conditions of Scheme 1 for the
synthesis of compounds 4a and 6a

Entry Solvent Reaction temp (°C) Time (hrs) Yielda (%)

1 Dioxane 60 5 Traces
2 ACN 70 5 46
3 THF 70 5 42
4 DMF 70 5 52
5 MeOH 80 4 65
6 EtOH 80 2 87

a Isolated yields.
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The mechanistic pathway for the formation of target
hybrids 4 and 6 is depicted in Scheme 2. First of all, 2-mer-
captobenzothiazole A was reacted with hydrazine hydrate in
ethanol to give compound 2-hydrazinobenzothiazole 1. The
hydrazine derivative compound was then reuxed with
anthranilic acid 2 to obtain intermediate compound E through
intramolecular cyclization (C) and dehydrative aromatization
(D). In the next step, compound E was treated with aromatic/
heteroaromatic aldehydes 3 in ethanol and underwent
proton transfer and dehydration to obtain benzothiazolo[2,3-c]
[1,2,4]triazole derivatives (4a–l) in excellent yields. For the
synthesis of our next series, as a result of the condensation
reaction of compound 4 and thioglycolic acid 5, the target
thiazolidinone appended benzothiazole–triazole hybrids
(6a–h) were obtained.

The substrate scope and complete reaction conditions
involved in the synthesis of benzothiazole–triazole derivatives
(4a–l) and thiazolidinone appended benzothiazole–triazole
derivatives (6a–h) are illustrated in Schemes 3 and 4 respec-
tively. The structures of all the synthetics 4a–l and 6a–h were in
agreement with their spectral and analytical analyses which are
summarized in ESI.† From the IR spectrum of compound 4a,
the appearance of peaks at 1634 cm−1 indicated the presence of
C]N attached to the phenyl ring. The peaks of CH proton in
1H-NMR spectra which are common to all of the compounds,
were observed as singlets in the range of 8.27–8.93 ppm. The
signals belonging to aromatic protons of benzothiazole ring
and phenyl rings were found between 6.58–7.99 ppm. In
13C-NMR spectra, signals belonging to CH proton in all
synthesized compounds were detected in the range of 159.0–
160.9 ppm. All masses were in accordance with the estimated
M+H values.

In IR spectra, characteristic peaks were observed for C]O
stretching and C–S stretching of the thiazolidinone derivatives
in the range of 1690–1710 cm−1 and 685–692 cm−1 respectively.
1H-NMR spectra of compound 6a indicated the presence of two
diastereotopic protons at the C-5 position appearing as doublets
at 3.59, and 3.90 ppm and one single proton at C-2 position
appearing as singlet at 5.93 ppm. In 13C NMR spectra, chemical
shis of the thiazolidinone hybrids resonate in the region of
33.1–35.1 ppm (methylene carbon, thiazolidinone ring), 168.5–
169.9 ppm (carbonyl carbon (>C]O) thiazolidinone ring),
112.0–158.2 ppm (aromatic carbons).
8344 | RSC Adv., 2024, 14, 8341–8352
Antimicrobial evaluation

The newly desired synthesized molecular hybrids (6a–h) were
screened for their antimicrobial activity against some selected
bacterial and fungal strains and examined for the inhibition of
the growth of the organism by employing the agar well diffusion
method.42 Both Gram-positive (Staphylococcus aureus [MTCC
96], Bacillus subtilis [MTCC 441]) and Gram-negative (Klebsiella
planticola [MTCC 530], Pseudomonas aeruginosa [MTCC 2453])
pathogenic bacterial strains were used in the present work with
ciprooxacin as the standard drug. Antifungal activity was
conducted against Candida albicans [MTCC 3017], Candida
albicans [MTCC 1637], and Aspergillus niger [MTCC 872] using
miconazole as the standard drug. The minimum inhibitory
concentration (MIC) of the synthesized compounds were tabu-
lated in Tables 2 and 3.

In general, most of the tested compounds (6a–h) exhibited
a certain degree of inhibitory activity. The SAR studies sug-
gested that compounds 6b, 6d, 6e, 6f, 6g, and 6h exhibited
signicant inhibitory effects on bacterial and fungal growth
(Tables 2 and 3). Among thiazolidinone derivatives,
compound 6h bearing indolyl ring was the most active anti-
bacterial agent compared to standard drugs. The hybrid, 6b
with a 3,4-diOCH3 phenyl substitution showed a very good
activity against different bacterial strains. Compound 6d
shows better activity than compound 6a, replacement of 4-
uorophenyl with the 4-nitrophenyl group resulted in
a signicant increase in the activity. The compound 6c with 3-
OCH3 and 4-OH phenyl substitution with bromo at the 5th
position exhibited good to moderate antimicrobial activity
against the test pathogens except for S. aureus [MTCC 96]. In
addition, compound 6e with 3,4,5-triOCH3 phenyl substitu-
tion showed excellent activity than 6c and 6d. The
compounds 6f and 6g bearing furan and thiophene ring
exhibited good to excellent antimicrobial activity against the
tested pathogens.

Additionally, our novel synthesized compounds were also
screened for antifungal activity (Table 3). The results showed
that compound 6h showed potent activity and compound 6e
displayed excellent antifungal activity as compared to stan-
dard. The superiority of the former could be attributed to the
higher basicity given by indole moiety as the pyrrole ring fused
with benzene has yielded more fruitful results than phenyl-
substituted groups. Interestingly, the replacement of the
indole ring with a thiophene ring to afford compound 6g
produced stronger antifungal activity but less than compound
6h. In general, the rest of the tested compounds showed
signicant results. Like in antimicrobial activity, compound 6e
also showed excellent to good activity against antifungal
strains. Moreover, the methoxy-substituted derivative 6b
favored the activity. This demonstrates the substantial impact
of the indolyl ring in augmenting the activity of the targeted
compounds in both series. The presence of methoxy groups
either on o/m/p-positions of the phenyl ring is evident for
optimum activity.

We believe that the signicant antimicrobial activities of the
synthesized compounds could be due to the fusion of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Plausible mechanistic pathway for the synthesis of target hybrids.
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thiazolidinone ring with the benzothiazole–triazole pharmaco-
phore. To date, several papers have shown that 4-thiazolidinone
derivatives could potentially be more effective against antibiotic-
© 2024 The Author(s). Published by the Royal Society of Chemistry
resistant bacterial strains. Skora et al. reported that synthesized
thiazolidinone derivatives showed high antibacterial activity, as
they caused a decrease in biolm biomass at the concentrations.43
RSC Adv., 2024, 14, 8341–8352 | 8345
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Scheme 3 Synthesis of benzothiazolo[2,3-c][1,2,4]triazole derivatives (4a–l) Reagents and conditions: (i) EtOH, reflux, 2 h.
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As reported by Haroun et al., some new benzothiazole-based
thiazolidinones showed potent antimicrobial activity, causing
inhibition of bacterial and fungal growth.44 Tratrat et al. high-
lighted that some synthesized thiazolidinones showed excellent
antifungal and antibacterial activities against different pathogenic
strains.45 Considering the literature data cited above and our
results, it can be concluded that some synthesized thiazolidinone-
appended benzothiazole–triazole derivatives can be valuable
compounds in the treatment of antibiotic-resistant bacterial
strains.
8346 | RSC Adv., 2024, 14, 8341–8352
Experimental
Materials and techniques for analysis

All the solvents and reagents (analytical grade) were
purchased from commercial suppliers and were used in
synthesis without additional purication in the experimental
procedures. The melting points of all synthesized compounds
were analyzed using a digital melting point apparatus. The
purity of the compounds was assessed using thin-layer silica
gel-G-coated glass plates with a benzene: ethyl acetate (8 : 2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Synthesis of benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-2-phenylthiazolidin-4-one derivatives (6a–h) Reagents and conditions: (i) EtOH,
reflux, 2 h.
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eluent. Infrared (IR) spectra were recorded using a Shimadzu
FT IR-8400S spectrophotometer with KBr pellets. Mass spec-
trometry measurements were obtained on Waters Xevo G2-S
QT LC/MS spectrometer. 1H and 13C NMR spectra were
recorded on a Jeol Resonance at 400 and 100 MHz, respectively
in dimethyl sulfoxide (DMSO-d6) and CDCl3 as a solvent.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Chemical shis and absorption frequency have been
expressed in terms of d (ppm) and n (cm−1), respectively. The
abbreviations have been used in the spectral data as singlet
(s), doublet (d), doublet of doublet (dd), and multiplet (m).
ElementarVarioEL III Elemental analyzer is found helpful in
elemental analyses.
RSC Adv., 2024, 14, 8341–8352 | 8347
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Table 2 Antibacterial activity (in mg mL−1) of the synthesized compounds (6a–h)

Compound

Gram-positive bacteria (MIC) Gram-negative bacteria (MIC)

S. aureus MTCC 96 B. subtilis MTCC 441 K. planticola MTCC 530 P. aeruginosa MTCC 2453

6a >125 >125 >125 >125
6b 7.8 3.9 7.8 7.8
6c >125 7.8 15.9 7.8
6d 7.8 3.9 7.8 >125
6e 1.9 3.9 3.9 3.9
6f 3.9 7.8 7.8 3.9
6g 7.8 7.8 3.9 7.8
6h 1.9 1.9 3.9 1.9
Ciprooxacin 0.9 0.9 0.9 0.9

Table 3 Antifungal activity (in mgmL−1) of the synthesized compounds
(6a–h)

Compound
C. albicans
MTCC 3017 (MIC)

C. albicans
MTCC 1637 (MIC)

A. niger
MTCC 872 (MIC)

6a >125 >125 >125
6b 7.8 >125 15.9
6c 15.9 >125 >125
6d 7.8 15.9 7.8
6e 3.9 7.8 7.8
6f 7.8 3.9 15.9
6g 3.9 7.8 7.8
6h 3.9 7.8 3.9
Miconazole 1.9 1.9 1.9
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Antimicrobial activity

Gram-positive (Staphylococcus aureus [MTCC 96], Bacillus subtilis
[MTCC 441]) and Gram-negative (Klebsiella planticola [MTCC
530], Pseudomonas aeruginosa [MTCC 2453]) pathogenic bacterial
strains and Candida albicans [MTCC 3017], Candida albicans
[MTCC 1637] and Aspergillus niger [MTCC 872] fungal strains
were used in this experiment. The antimicrobial properties of
various synthesized compounds were assessed using the agar
well diffusion method. Mueller Hinton agar plates were evenly
inoculated with pathogenic strains, each at a concentration
equivalent to 0.5 McFarland standards (1.5 × 108 cfu mL−1). In
a sterile laminar airow chamber, 6 mm diameter wells were
created on the agar plates. These wells were then lled with test
samples dissolved in 2% DMSO, with concentrations ranging
from 125 to 0.97 mg mL−1. Ciprooxacin and miconazole were
used as positive controls, while DMSO served as the vehicle
control. The plates were incubated at 37 °C for 24 hours for
bacteria and 28 °C for 48 hours for fungi. Aer incubation, the
minimum inhibitory concentration (MIC) was determined as the
lowest concentration in the series where no inhibition of visual
growth was observed in the wells. The entire experiment was
conducted in duplicate, and the mean values were reported.
General procedure for the synthesis of benzo[4,5]thiazolo[2,3-
c][1,2,4]triazol-3-yl-phenyl-1-phenylmethanimine (4a–l)

The reaction was carried out by using an equimolar mixture of
2-hydrazinobenzothiazole 1 (1 mmol), anthranilic acid 2 (1
8348 | RSC Adv., 2024, 14, 8341–8352
mmol), and aromatic/heteroaromatic aldehydes 3a–l (1 mmol),
the mixture was reuxed in ethanol (10 mL) as solvent at 80 °C
for 2 h which afforded pale yellow colored solid. Aer the
completion of the reaction as indicated by TLC, the reaction
mixture was cooled at room temperature, and obtained
precipitate was ltered under vacuum, washed with chilled
water a few times, dried, and used in the next step without
further purication.
General procedure for the synthesis of benzo[4,5]thiazolo[2,3-
c][1,2,4]triazol-3-yl-phenyl-2-phenylthiazolidin-4-one (6a–h)

To pure synthesized compounds, benzo[4,5]thiazolo[2,3-c]
[1,2,4]triazol-3-yl-phenyl-1-phenylmethanimine 4 (1 mmol) with
thioglycolic acid 5 (1 mmol) in ethanol (10 mL) were heated at
reuxing for 2 h at 80 °C which afforded solid mass. Aer the
completion of the reaction, as indicated by TLC, the reaction
mixture was cooled to room temperature, and the resulting
precipitate was ltered under vacuum. It was then washed
several times with chilled water, and dried, and the desired
compounds were obtained with good to excellent yields aer
further recrystallization. The products were determined via the
use of melting point, FT-IR, 1H-NMR, 13C-NMR and mass
spectra.

N-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-1-(4-
uorophenyl)methanimine (4a). Pale yellow solid, m.p. 284 °C,
FT-IR (KBr, cm−1): 1634 (C]N); 1H-NMR (CDCl3, 400 MHz) d:
8.27 (s, 1H, CH), 7.41–7.45 (m, 4H, Ar–H), 7.33 (d, 2H, Ar–H, J =
8.4 Hz), 6.96 (d, 2H, Ar–H, J = 8.4 Hz), 6.79–6.88 (m, 4H, Ar–
H) ppm; 13C-NMR (DMSO-d6, 100 MHz) d: 161.2, 160.9, 158.4,
153.8, 140.6, 139.7, 133.0, 132.1, 131.5, 130.4, 126.6, 126.2,
124.9, 122.8, 122.6, 122.5, 119.4, 118.9, 116.69, 116.4 ppm; MS
(m/z): 373.084 [M+H]+; anal. calcd for C21H13FN4S: C 67.73; H
3.52; N 15.04; S 8.61%; found C 67.85; H 3.49; N 14.99; S 8.55%.

N-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-1-(4-
chlorophenyl)methanimine (4b). Pale yellow solid, m.p. 282 °C,
FT-IR (KBr, cm−1): 1646 (C]N); 1H-NMR (CDCl3, 400 MHz) d:
8.43 (s, 1H, CH) 7.35–7.44 (m, 4H, Ar–H), 7.12–7.17 (m, 4H,
Ar–H), 6.98 (d, 2H, Ar–H, J = 8.8 Hz), 6.79 (d, 2H, Ar–H, J = 8.8
Hz) ppm; 13C-NMR (DMSO-d6, 100 MHz) d: 160.6, 153.5, 152.2,
148.4, 148.3, 146.1, 144.9, 143.0, 131.2, 131.1, 127.9, 125.4,
124.7, 124.6, 121.8, 118.6, 118.5, 110.7, 110.5, 110.2 ppm;
© 2024 The Author(s). Published by the Royal Society of Chemistry
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MS(m/z): 389.055 [M+H]+; anal. calcd for C21H13ClN4S: C 64.86;
H 3.37; Cl 9.12; N 14.41; S 8.24%; found C 64.98; H 3.34; N 14.36;
S 8.18%.

N-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-1-(p-
tolyl)methanimine (4c). Yellow solid, m.p. 260 °C, FT-IR
(KBr, cm−1) d: 1653 (C]N); 1H-NMR (DMSO-d6, 400 MHz) d:
8.36 (s, 1H, CH), 7.94–7.99 (m, 4H, Ar–H), 7.66 (dd, 2H, Ar–H, J=
8.0, 6.4 Hz), 7.47 (d, 2H, Ar–H, J = 8 Hz), 7.13 (dd, 4H, Ar–H, J =
8.4, 6.2 Hz), 2.31 (s, 3H, CH3) ppm; 13C-NMR (DMSO-d6, 100
MHz) d: 160.9, 152.9, 148.1, 148.0, 145.1, 142.1, 138.3, 138.2,
135.5, 135.4, 131.6, 131.5, 129.9, 129.8, 129.6, 128.5, 127.9,
127.8, 126.1, 124.1, 120.9, 21.2 ppm; MS(m/z): 369.110 [M+H]+;
anal. calcd for C22H16N4S: C 71.72; H 4.38; N 15.21; S 8.70%;
found C 71.84; H 4.35; N 15.16; S 8.64%.

N-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-1-(4-
nitrophenyl)methanimine (4d). Yellow solid, m.p. 286 °C, FT-IR
(KBr, cm−1): 1647 (C]N); 1H-NMR (DMSO-d6, 400 MHz) d: 8.67
(s, 1H, CH), 7.40–7.44 (m, 3H, Ar–H), 7.20–7.26 (m, 2H, Ar–H),
7.00 (d, 2H, Ar–H, J = 7.2 Hz), 6.88 (d, 2H, Ar–H, J = 7.2 Hz),
6.58–6.68 (m, 3H, Ar–H) ppm; 13C-NMR (DMSO-d6, 100 MHz) d:
161.6, 160.8, 160.7, 156.2, 155.4, 148.9, 140.1, 139.8, 133.3,
133.1, 131.3, 131.2, 129.8, 126.8, 126.2, 124.8,124.0, 122.2,
119.6, 119.5 ppm; MS(m/z): 400.079 [M+H]+; anal. calcd for
C21H13N5O2S: C 63.15; H 3.28; N 17.53; O 8.01; S 8.03%; found C
63.27; H 3.25; N 17.48; O 7.93; S 7.97%.

N-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-1-(4-
methoxyphenyl)methanimine (4e). White solid, m.p. 245 °C,
FT-IR (KBr, cm−1): 1637 (C]N); 1H-NMR (DMSO-d6, 400 MHz)
d: 8.48 (s, 1H, CH), 7.76 (d, 2H, Ar–H, J = 8.4 Hz), 7.63–7.74 (m,
2H, Ar–H), 7.54 (d, 2H, Ar–H, J = 8.4 Hz), 7.41–7.43 (m, 3H, Ar–
H), 7.01–7.28 (m, 3H, Ar–H), 3.68 (s, 3H, OCH3) ppm; 13C-NMR
(DMSO-d6, 100 MHz) d: 161.4, 160.4, 154.9, 154.8, 148.9, 145.5,
145.4, 142.7, 139.0, 138.9, 138.8, 136.1, 135.9, 131.5, 129.8,
128.1, 126.9, 125.9, 124.9, 119.6, 55.0 ppm; MS(m/z): 385.104
[M+H]+; anal. calcd for C22H16N4OS: C 68.73; H 4.20; N 14.57; O
4.16; S 8.34%; found C 68.85; H 4.17; N 14.52; O 4.08; S 8.28%.

N-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-1-
(3,4-dimethoxyphenyl)methanimine (4f). White solid, m.p.
281 °C, FT-IR (KBr, cm−1): 1641 (C]N); 1H-NMR (DMSO-d6, 400
MHz) d: 8.34 (s, 1H, CH), 7.42–7.59 (m, 4H, Ar–H), 7.31 (s, 1H,
Ar–H), 6.95–7.07 (m, 2H, Ar–H), 6.79 (d, 2H, Ar–H, J = 7.6 Hz),
6.64 (d, 2H, Ar–H, J = 7.4 Hz), 3.75 (s, 3H, OCH3), 3.73 (s, 3H,
OCH3) ppm; 13C-NMR (DMSO-d6, 100 MHz) d: 161.9, 161.8,
153.1, 152.9, 146.5, 146.4, 140.5, 140.3, 136.2, 133.8, 133.6,
130.0, 129.8, 124.5, 124.3, 122.7, 122.5, 118.4, 118.1, 53.1,
53.0 ppm; MS(m/z): 415.115 [M+H]+; anal. calcd for
C23H18N4O2S: C 66.65; H 4.38; N 13.52; O 7.72; S 7.73%; found C
66.77; H 4.35; N 13.47; O 7.64; S 7.67%.

N-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-1-
(3,4,5-trimethoxyphenyl)methanimine (4g). White solid, m.p.
220 °C, FT-IR (KBr, cm−1): 1645 (C]N); 1H-NMR (DMSO-d6, 400
MHz) d: 8.93 (s, 1H, CH), 7.68–7.73 (m, 5H, Ar–H), 7.50–7.54 (m,
3H, Ar–H), 7.38 (s, 1H, Ar–H), 7.36 (s, 1H, Ar–H), 3.61 (s, 3H, di-
OCH3), 3.45 (s, 3H, OCH3) ppm; 13C-NMR (DMSO-d6, 100 MHz)
d: 161.3, 160.9, 153.4, 153.1, 148.2, 147.0, 141.9, 141.7, 133.9,
133.2, 132.9, 132.7, 127.1, 126.9, 126.8, 123.2, 123.0, 117.6,
117.5, 117.2, 56.4, 53.1, 53.0 ppm; MS(m/z): 445.126 [M+H]+;
© 2024 The Author(s). Published by the Royal Society of Chemistry
anal. calcd for C24H20N4O3S: C 64.85; H 4.54; N 12.60; O 10.80; S
7.21%; found C 64.73; H 4.51; N 12.55; O 10.72; S 7.15%.

4-(((2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)
imino)methyl)-2-bromo-6-methoxyphenol (4h). Pale yellow
solid, m.p. 278 °C, FT-IR (KBr, cm−1): 1639 (C]N); 1H-NMR
(DMSO-d6, 400 MHz) d: 9.49 (s, 1H, OH), 8.64 (s, 1H, CH),
7.46–7.64 (m, 8H, Ar–H), 7.30 (s, 1H, Ar–H), 7.07 (s, 1H, Ar–H),
3.85 (s, 3H, OCH3) ppm; 13C-NMR (DMSO-d6, 100 MHz) d: 162.2,
159.7, 152.6, 147.9, 147.7, 145.8, 143.8, 143.6, 140.1, 139.8,
137.9, 135.5, 134.3, 130.0, 129.9, 129.8, 128.5, 126.1, 125.3,
120.9, 120.8, 56.4 ppm; MS(m/z): 479.010 [M+H]+; anal. calcd for
C22H15BrN4O2S: C 55.12; H 3.15; N 11.69; O 6.68; S 6.69%; found
C 55.24; H 3.12; N 11.64; O 6.60; S 6.63%.

N-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-1-
(2,5-dimethoxyphenyl)methanimine (4i). Pale yellow solid, m.p.
283 °C, FT-IR (KBr, cm−1): 1640 (C]N); 1H-NMR (DMSO-d6, 400
MHz) d: 8.86 (s, 1H, CH), 7.51 (d, 2H, Ar–H, J = 8 Hz), 7.39 (d,
2H, Ar–H, J= 8 Hz), 7.12–7.28 (m, 2H, Ar–H), 6.88 (d, 2H, Ar–H, J
= 8 Hz), 6.75–6.81 (m, 3H, Ar–H), 3.75 (s, 3H, OCH3), 3.61 (s, 3H,
OCH3), ppm; 13C-NMR (DMSO-d6, 100 MHz) d: 161.9, 160.4,
156.5, 155.0, 148.9, 140.0, 135.4, 134.1, 133.8, 129.6, 126.8,
124.9, 124.1, 119.6, 118.5, 118.2, 116.1, 112.7, 111.6, 111.5, 56.0,
55.2 ppm; MS(m/z): 415.115 [M+H]+; anal. calcd for
C23H18N4O2S: C 66.65; H 4.38; N 13.52; O 7.72; S 7.73% found C
66.77; H 4.35; N 13.47; O 7.64; S 7.67%.

(E)-N-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-
1-(furan-2-yl)methanimine (4j). Pale yellow solid, m.p. 276 °C,
FT-IR (KBr, cm−1): 1643 (C]N); 1H-NMR (DMSO-d6, 400 MHz)
d: 8.55 (s, 1H, CH), 7.34–7.49 (m, 7H, Ar–H), 7.06–7.14 (m, 2H,
Ar–H), 6.74 (dd, 2H, Ar–H, J = 6.8, 7.2 Hz) ppm; 13C-NMR
(DMSO-d6, 100 MHz) d: 161.1, 154.7, 148.9, 138.4, 133.4,
130.8, 129.8, 126.9, 126.4, 124.9, 124.7, 123.2, 123.1, 121.7,
121.6, 119.7, 119.6, 117.9, 112.7 ppm; MS(m/z): 345.073 [M+H]+;
anal. calcd for C19H12N4OS: C 66.26; H 3.51; N 16.27; O 4.65; S
9.31% found C 66.38; H 3.48; N 16.22; O 4.57; S 9.25%.

(E)-N-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-
1-(thiophen-2-yl)methanimine (4k). Pale yellow solid, m.p.
295 °C, FT-IR (KBr, cm−1): 1641 (C]N); 1H-NMR (DMSO-d6, 400
MHz) d: 8.63 (s, 1H, CH), 7.42–7.48 (m, 4H, Ar–H), 7.26–7.32 (m,
2H, Ar–H), 7.12 (d, 2H, Ar–H, J = 7.4 Hz), 7.03–7.08 (m, 3H, Ar–
H) ppm; 13C-NMR (DMSO-d6, 100 MHz) d: 162.4, 154.9, 154.8,
152.1, 148.9, 142.7, 131.5, 129.4, 128.1, 126.9, 125.9, 124.9,
124.7, 124.6, 122.5, 122.3, 122.1, 119.6 ppm; MS(m/z): 361.050
[M+H]+; anal. calcd for C19H12N4S2: C 63.31; H 3.36; N 15.54; S
17.79% found C 63.43; H 3.33; N 15.49; S 17.73%.

(E)-N-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-
1-(1H-indol-3-yl)methanimine (4l). Yellow solid, m.p. 289 °C,
FT-IR (KBr, cm−1): 1638 (C]N), 3424 (N–H); 1H-NMR (DMSO-
d6, 400 MHz) d: 10.55 (s, 1H, NH), 8.79 (s, 1H, CH), 7.33–7.42 (m,
5H, Ar–H), 7.11–7.18 (m, 3H, Ar–H), 6.96 (s, 1H, Ar–H), 6.71 (dd,
4H, Ar–H, J= 7.2, 6.4 Hz) ppm; 13C-NMR (DMSO-d6, 100 MHz) d:
162.4, 160.4, 154.9, 148.9, 143.1, 134.4, 134.1, 130.8, 129.7,
128.4, 128.2, 126.9, 124.9, 124.6, 123.8, 123.6, 122.3, 122.2,
121.1, 119.6, 113.5, 112.7, 112.6 ppm; MS(m/z): 394.105 [M+H]+;
anal. calcd for C23H15N5S: C 70.21; H 3.84; N 17.80; S 8.15%
found C 70.33; H 3.81; N 17.75; S 8.09%.
RSC Adv., 2024, 14, 8341–8352 | 8349
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3-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-2-(4-
uorophenyl)thiazolidin-4-one (6a). Pale yellow solid, m.p.
280 °C, FT-IR (KBr, cm−1): 1690 (C]O), 685 (C–S); 1H-NMR
(DMSO-d6, 400 MHz) d: 7.60–7.62 (m, 2H, Ar–H), 7.54–7.58 (m,
2H, Ar–H), 7.42–7.46 (m, 2H, Ar–H), 7.21–7.32 (m, 2H, Ar–H),
6.64–7.05 (m, 4H, Ar–H), 5.93 (s, 1H, CH), 3.90 (d, 1H, CH2, J =
8.8 Hz), 3.59 (d, 1H, CH2, J = 8.8 Hz) ppm; 13C-NMR (DMSO-d6,
100 MHz) d: 35.5, 77.7, 112.3, 112.7, 119.2, 119.5, 121.9, 123.6,
123.9, 124.8, 126.2, 126.5, 126.8, 129.2, 131.2, 131.6, 133.0,
133.3, 139.8, 140.1, 148.9, 155.4, 169.6 ppm; MS(m/z): 447.067
[M+H]+; anal. calcd for C23H15FN4OS2: C 61.87; H 3.39; F 4.25; N
12.55; O 3.58; S 14.36% found C 61.99; H 3.36; N 12.50; O 3.50; S
14.30%

3-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-2-
(3,4-dimethoxyphenyl)thiazolidin-4-one (6b). White solid, m.p.
278 °C, FT-IR (KBr, cm−1): 1710 (C]O), 692 (C–S); 1H-NMR
(DMSO-d6, 400 MHz) d: 7.60–7.62 (m, 1H, Ar–H), 7.43–7.45 (m,
3H, Ar–H), 7.18–7.27 (m, 3H, Ar–H), 7.06 (s, 1H, Ar–H), 6.86–6.99
(m, 3H, Ar–H), 6.042 (s, 1H, CH), 4.162 (d, 1H, CH2, J = 9.6 Hz),
3.70 (d, 1H, CH2, J = 9.6 Hz), 3.40 (s, 3H, OCH3), 3.31 (s, 3H,
OCH3) ppm; 13C-NMR (DMSO-d6, 100 MHz) d: 35.3, 53.1, 53.8,
68.3, 112.7, 116.4, 116.7, 119.6, 119.7, 123.2, 123.5, 124.9, 126.4,
126.9, 129.9, 130.8, 133.4, 133.7, 139.4, 139.8, 142.2, 148.9,
154.7, 168.9 ppm; MS(m/z): 489.098 [M+H]+; anal. calcd for
C25H20N4O3S2: C 61.46; H 4.13; N 11.47; O 9.82; S 13.12% found
C 61.58; H 4.10; N 11.42; O 9.74; S 13.06%

3-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-2-(3-
bromo-4-hydroxy-5-methoxyphenyl)thiazolidin-4-one (6c). Pale
yellow solid, m.p. 272 °C, FT-IR (KBr, cm−1): 1704 (C]O), 689
(C–S); 1H-NMR (DMSO-d6, 400 MHz) d: 9.53 (s, 1H, OH), 7.72 (s,
1H, Ar–H), 7.52–7.54 (m, 1H, Ar–H), 7.25–7.32 (m, 6H, Ar–H),
6.98–7.11 (m, 1H, Ar–H), 6.77 (s, 1H, Ar–H),6.30 (s, 1H, CH), 4.26
(d, 1H, CH2, J= 5.2 Hz), 3.70 (d, 1H, CH2, J= 5.2 Hz), 3.40 (s, 3H,
OCH3) ppm; 13C-NMR (DMSO-d6, 100 MHz) d: 35.1, 56.0, 72.5,
112.1, 112.7, 119.6, 124.7, 124.9, 125.9, 126.9, 128.1, 129.8,
131.5, 133.7, 133.9, 134.1, 135.5, 139.7, 140.0, 142.7, 148.9,
154.7, 154.9, 169.4 ppm; MS(m/z): 552.993 [M+H]+; anal. calcd
for C24H17BrN4O3S2: C 52.09; H 3.10; N 10.12; O 8.67; S 11.59%
found C 52.21; H 3.07; N 10.07; O 8.59; S 11.53%.

3-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-2-(4-
nitrophenyl)thiazolidin-4-one (6d). Yellow solid, m.p. 281 °C,
FT-IR (KBr, cm−1): 1708 (C]O), 691 (C–S); 1H-NMR (DMSO-d6,
400 MHz) d: 7.88–7.92 (m, 1H, Ar–H), 7.58–7.60 (m, 1H, Ar–H),
7.45–7.48 (m, 1H, Ar–H), 7.32–7.37 (m, 5H, Ar–H), 7.19–7.22 (m,
3H, Ar–H), 6.78–6.80 (m, 1H, Ar–H), 6.32 (s, 1H, CH),3.80 (d, 1H,
CH2, J = 8.0 Hz), 3.38 (d, 1H, CH2, J = 8.0 Hz), ppm; 13C-NMR
(DMSO-d6, 100 MHz) d: 35.1, 72.6, 111.5, 111.6, 112.7, 116.0,
119.6, 124.1, 124.9, 126.8, 129.6, 136.2, 138.1, 140.0, 144.1,
144.5, 145.1, 146.3, 148.9, 155.0, 156.5, 169.5 ppm; MS(m/z):
474.062 [M+H]+; anal. calcd for C23H15N5O3S2: C 58.34; H
3.19; N 14.79; O 10.14; S 13.54% found C 58.46; H 3.16; N 14.74;
O 10.06; S 13.48%.

3-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-2-
(3,4,5-trimethoxyphenyl)thiazolidin-4-one (6e). White solid,
m.p. 216 °C, FT-IR (KBr, cm−1): 1700 (C]O), 687 (C–S); 1H-NMR
(DMSO-d6, 400 MHz) d: 7.72 (s, 1H, Ar–H), 7.53–7.57 (m, 2H, Ar–
8350 | RSC Adv., 2024, 14, 8341–8352
H), 7.24–7.34 (m, 6H, Ar–H), 6.76 (s, 1H, Ar–H), 6.18 (s, 1H, CH),
4.08 (d, 1H, CH2, J = 7.2 Hz), 3.90 (d, 1H, CH2, J = 7.2 Hz), 3.42
(s, 3H, OCH3), 3.35 (s, 6H, OCH3), ppm; 13C-NMR (DMSO-d6, 100
MHz) d: 35.1, 56.0, 56.8, 60.3, 72.2, 110.3, 110.7, 112.2, 112.6,
119.5, 122.3, 124.4, 124.8, 125.7, 126.5, 126.8, 128.9, 129.2,
130.2, 130.8, 141.3, 141.6, 148.9, 154.0, 155.3, 169.6 ppm; MS(m/
z): 519.108 [M+H]+; anal. calcd for C26H22N4O4S2: C 60.22; H
4.28; N 10.80; O 12.34; S 12.36% found C 60.34; H 4.25; N 10.75;
O 12.26; S 12.28%.

3-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-2-
(furan-2-yl)thiazolidin-4-one (6f). Pale yellow solid, m.p. 271 °C,
FT-IR (KBr, cm−1): 1705 (C]O), 688 (C–S); 1H-NMR (DMSO-d6,
400 MHz) d: 7.72–7.73 (m, 1H, Ar–H), 7.52–7.54 (m, 1H, Ar–H),
7.42–7.45 (m, 1H, Ar–H), 7.24–7.31 (m, 4H, Ar–H), 6.98–7.19 (m,
2H, Ar–H), 6.71–6.75 (m, 1H, Ar–H), 6.31 (s, 1H, CH), 3.61 (d,
1H, CH2, J= 8.8 Hz), 3.41 (d, 1H, CH2, J= 8.8 Hz) ppm; 13C-NMR
(DMSO-d6, 100 MHz) d: 35.2, 67.5, 112.6, 112.7, 113.5, 119.6,
122.0, 122.6, 124.6, 124.9, 126.9, 128.1, 129.7, 130.8, 133.2,
133.4, 134.4, 143.1, 148.9, 154.9, 169.4 ppm; MS(m/z): 419.056
[M+H]+; anal. calcd for C21H14N4O2S2: C 60.27; H 3.37; N 13.39;
O 7.65; S 15.32% found C 60.39; H 3.34; N 13.34; O 7.57; S
15.24%.

3-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-2-
(thiophen-2-yl)thiazolidin-4-one (6g). Pale yellow solid, m.p.
290 °C, FT-IR (KBr, cm−1): 1700 (C]O), 689 (C–S); 1H-NMR
(DMSO-d6, 400 MHz) d: 7.68–7.73 (m, 2H, Ar–H), 7.52–7.54 (m,
H, Ar–H), 7.22–7.38 (m, 5H, Ar–H), 6.69–6.71 (m, 3H, Ar–H), 6.11
(s, 1H, CH), 3.61 (d, 1H, CH2, J = 10 Hz), 3.39 (d, 1H, CH2, J = 10
Hz) ppm; 13C-NMR (DMSO-d6, 100 MHz) d: 35.2, 64.4, 110.4,
110.6, 112.6, 115.4, 115.8, 119.5, 119.8, 121.0, 121.9, 123.7,
124.9, 126.9, 128.9, 129.8, 131.5, 143.8, 149.0, 155.3, 168.8 ppm;
MS(m/z): 435.033 [M+H]+; anal. calcd for C21H14N4OS3: C 58.04;
H 3.25; N 12.89; O 3.68; S 22.13% found C 58.16; H 3.22; N 12.84;
O 3.60; S 22.07%.

3-(2-(Benzo[4,5]thiazolo[2,3-c][1,2,4]triazol-3-yl)phenyl)-2-
(1H-indol-3-yl)thiazolidin-4-one (6h). White solid, m.p. 283 °C,
FT-IR (KBr, cm−1): 1695 (C]O), 686 (C–S), 3412 (N–H); 1H-NMR
(DMSO-d6, 400MHz) d: 10.78 (s, 1H, N–H), 7.72–7.78 (m, 3H, Ar–
H), 7.52–7.60 (m, 3H, Ar–H), 7.25–7.32 (m, 2H, Ar–H), 7.14–7.17
(m, 3H, Ar–H), 6.88 (s, 1H, Ar–H), 6.74–6.76 (m, 1H, Ar–H), 6.31
(s, 1H, CH), 3.92 (d, 1H, CH2, J = 7.2 Hz), 3.86 (d, 1H, CH2, J =
7.2 Hz) ppm; 13C-NMR (DMSO-d6, 100 MHz) d: 33.4, 72.2, 112.0,
112.3, 112.8, 114.1, 116.3, 117.5, 119.3, 121.6, 121.9, 123.0,
124.3, 126.5, 127.7, 129.8, 130.0, 132.4, 132.7, 142.1, 142.4,
149.7, 158.2, 169.0 ppm; MS(m/z): 468.087 [M+H]+; anal. calcd
for C25H17N5OS2: C 64.22; H 3.66; N 14.98; O 3.42; S 13.71%
found C 64.34; H 3.63; N 14.93; O 3.34; S 13.65%.

Conclusions

We have designed and synthesized two novel series of molecular
hybrids (4a–l and 6a–h) by amalgamating benzothiazole, tri-
azole, and thiazolidinone pharmacophore sub-units and were
screened for antimicrobial properties. Among the tested
compounds, 6e and 6h showed promising antibacterial and
antifungal activity against the tested pathogenic strains
compared to standard. Compounds 6e, 6g, and 6h also
© 2024 The Author(s). Published by the Royal Society of Chemistry
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exhibited signicant activity. The presence of pharmacologi-
cally active moieties, combined with a green protocol that
operates efficiently in one pot manner under metal- and
catalyst-free conditions, makes the synthesized compounds
highly scalable. The evaluation results suggest that these
compounds are promising candidates for further chemical
modication and as biologically active agents.
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