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and biological evaluation of
benzo-[d]-imidazo-[2,1-b]-thiazole and imidazo-
[2,1-b]-thiazole carboxamide triazole derivatives as
antimycobacterial agents†

Surendar Chitti,a Kevin Van Calster,b Davie Cappoen,*b Adinarayana Nandikolla, a

Yogesh Mahadu Khetmalis,a Paul Cos,b Banoth Karan Kumar, c

Sankaranarayanan Murugesan c and Kondapalli Venkata Gowri Chandra Sekhar*a

In the search for new anti-mycobacterial agents, we revealed the importance of imidazo-[2,1-b]-thiazole

and benzo-[d]-imidazo-[2,1-b]-thiazole carboxamide derivatives. We designed, in silico ADMET predicted

and synthesized four series of novel imidazo-[2,1-b]-thiazole and benzo-[d]-imidazo-[2,1-b]-thiazole

carboxamide analogues in combination with piperazine and various 1,2,3 triazoles. All the synthesized

derivatives were characterized by 1H NMR, 13C NMR, HPLC and MS spectral analysis and evaluated for in

vitro antitubercular activity. The most active benzo-[d]-imidazo-[2,1-b]-thiazole derivative IT10, carrying

a 4-nitro phenyl moiety, displayed IC90 of 7.05 mM and IC50 of 2.32 mM against Mycobacterium

tuberculosis (Mtb) H37Ra, while no acute cellular toxicity was observed (>128 mM) towards the MRC-5

lung fibroblast cell line. Another benzo-[d]-imidazo-[2,1-b]-thiazole compound, IT06, which possesses

a 2,4-dichloro phenyl moiety, also showed significant activity with IC50 2.03 mM and IC90 15.22 mM

against the tested strain of Mtb. Furthermore, the selected hits showed no activity towards a panel of

non-tuberculous mycobacteria (NTM), thus suggesting a selective inhibition of Mtb by the tested

imidazo-[2,1-b]-thiazole derivatives over the selected panel of NTM. Molecular docking and dynamics

studies were also carried out for the most active compounds IT06 and IT10 in order to understand the

putative binding pattern, as well as stability of the protein–ligand complex, against the selected target

Pantothenate synthetase of Mtb.
1 Introduction

According to the report submitted by the world health organi-
zation, globally, 1.4 million people died from tuberculosis (TB)
in 2019; almost one-fourth of the world's population is infected
with its etiological agent, the weakly Gram-positive Mycobacte-
rium tuberculosis (Mtb). TB is a pulmonary infectious disease
spread by aerosols and ranks among the top 10 causes of
mortality worldwide.1 TB is curable and preventable, if the
patient takes appropriate treatment and precautions. Patients
with smear-positive pulmonary TB (without HIV co-infection)
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abad-500 078, Telangana, India. E-mail:

@gmail.com; Tel: +91 40 66303527

d Hygiene, Department of Pharmaceutical

tsplein 1, 2610, Wilrijk, Belgium. E-mail:

epartment of Pharmacy, Birla Institute of

us, Pilani-333031, Rajasthan, India

mation (ESI) available. See

the Royal Society of Chemistry
have a 50–60% risk to die within 5 years without treatment
while 20–25% achieve spontaneous resolution.2 The remainder
of these patients will develop a Latent TB Infection (LTBI),
a state of persistent Mtb infection without evidence of clinically
manifested active TB. However, people with LTBI risk devel-
oping active TB when they become immunocompromised later
in life. Hence, development of a super-selective drug candidate
to cure or prevent TB is imperative.3 Nitrogen, oxygen, and
sulphur nucleus-based heterocycles are important compounds
in medicinal chemistry.4–9 Many biologically active pharma-
ceutical ingredients are constructed with fused ve-membered
bicyclic rings. Hence fused heterocyclic moieties became valu-
able in novel drug discovery and medicinal chemistry. Imidazo
[2,1-b]-thiazoles are reported to exhibit antitubercular,10 anti-
bacterial,11 antifungal,12,13 anticancer,14 antiviral,15 anti-inam-
matory,16 anthelmintic,17 antihypertensive,18 cardiotonic,19,20

and insecticidal,21 properties. Benzo-[d]-imidazo-[2,1-b] scaffold
is oen observed in several active pharmaceutical ingredients
and bioactive molecules. Compounds containing benzo-[d]-
imidazo-[2,1-b] skeleton have antimicrobial,22 anticancer,23

antibacterial,24 and antiallergic properties.25 In addition, benzo-
RSC Adv., 2022, 12, 22385–22401 | 22385
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Fig. 1 Structure of imidazo-[2,1-b]-thiazole and benzo-[d]-imidazo-[2,1-b]-thiazole based active antitubercular agents.
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[d]-imidazo-[2,1-b]-thiazole products exhibit a potential role as
various kinase inhibitors.26–29 Imidazo-[2,1-b]-thiazole carbox-
amide derivatives (A) also have notable anti-TB activity.29,30

Imidazo-[2,1-b]-thiazole-bearing aza spiro carboxamide deriva-
tive B of imidazo-[2,1-b]-thiazole showed strong antitubercular
activity.31 Samala et al. reported anti-TB activity of a few imi-
dazo-[2,1-b]-thiazole and benzo-[d]-imidazo-[2,1-b]-thiazole car-
boxamide derivatives (C) with MIC 3.53 mM and IC50 0.53� 0.13
mM.32 Moraski and group recently reported that novel carbox-
amide derivatives of imidazo-[2,1-b]-thiazole have promising
antitubercular activity, among them compound D displayed
remarkable activity with MIC 0.061 mM and toxicity >100 mM
(ref. 33) (Fig. 1).

In medicinal, agrochemical research, and material sciences
the triazole analogues play a key role.34–36 Triazole is an unsat-
urated ve membered heterocyclic compound containing three
nitrogen's and two carbons. In recent years, I-A09 small mole-
cule was identied as a potent mycobacterium protein tyrosine
phosphate B inhibitor. It carries both benzofuran salicylic acid
and 1,2,3-triazole analogue, which have been in clinical use
since the last decade and have provided an innovative drug
candidate for the treatment of Mtb.37–39 Recently reported
notable active molecules (E, F, G) exhibiting antitubercular
activity based on the 1,2,3-triazole skeleton are depicted in
Fig. 2.40–42

Pantothenate synthetase (PS) of Mtb is a homodimer protein
which catalyzes the synthesis of pantothenate from D-pantoate
Fig. 2 Structure of 1,2,3-triazole based antitubercular molecules.

22386 | RSC Adv., 2022, 12, 22385–22401
and b-alanine. It is the last enzyme present in the pantothenate
biosynthesis pathway and has been considered as crucial for the
pathogenicity, persistence and survival of Mtb in the host.
Generally, pantothenate can be synthesized by micro-
organisms. In contrast, mammals cannot produce the mole-
cule and need to obtain it from dietary sources. For these
reasons, in recent years the enzyme made for an interesting
target in developing potential agents against various forms of
Mtb.43–46 Recently, many Mtb PS inhibitors are reported by the
researchers, including 2-methylimidazo-[1,2-a]-pyridine-3-
carboxamide, pyrazole-[4,3-c]-pyridine carboxamide, 1-benzoyl-
N-(4-nitrophenyl)-3-phenyl-6,7-dihydro-1H-pyrazolo-[4,3-c]-pyri-
dine-5-(4H)-carboxamide, imidazo-[2,1-b]-thiazole, benzo-[d]-
imidazo-[2,1-b]-thiazole derivatives and one of the widely used
rst-line antitubercular drug, pyrazinamide.43,44 Moreover, our
group recently offered a critical review on inhibitors of Mtb PS
from amedicinal chemist's perspective.47 Bearing inmind these
ndings as well as our continuous interest in the eld of anti-TB
drug discovery, we identied our titled compounds as potential
inhibitors of Mtb PS during the molecular docking study.

Piperazine moiety is also well explored for anti-tubercular
activity.32,48–50 Aiming to discover novel antitubercular
compounds35,51 and owing to the importance of these hetero-
cyclics, in this manuscript, we focused on the synthesis of
piperazine bearing benzo-[d]-imidazo-[2,1-b]-thiazole and imi-
dazo-[2,1-b]-thiazole scaffolds with various 1,2,3-triazole
analogues. Our design strategy is depicted in Fig. 3.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scaffold design strategy for the proposed novel antitubercular agents.
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2 Results and discussion
2.1 In silico prediction of drug-likeness properties

In silico physicochemical and pharmacokinetic parameters of
imidazo-[2,1-b]-thiazole (IT01–05, IT19–IT27) and benzo-[d]-
imidazo[2,1-b]-thiazole (IT06–IT18) analogues were predicted
using the knowledge-based FAF Drugs4 and Swiss ADME so-
ware tools to enable the selection of designed analogues that are
suitable for further biological evaluation.52,53 Narrowing the
collection to a set of compounds including a high drug-likeness
saves wasting money on compounds that could have negative
side effects later in the drug research and development
Table 1 In silico predicted physicochemical and pharmacokinetic param
thiazole derivatives

Cmpd. MWa log Pb HBDc HBAd Heavy atomse Ro

IT01 401.53 3.38 8 5 28 8
IT02 477.62 4.25 7 5 34 7
IT03 471.66 4.88 13 5 33 13
IT04 493.61 3.38 7 6 34 7
IT05 472.95 3.60 7 7 32 7
IT06 526.44 4.14 5 5 35 5
IT07 487.58 4.21 6 6 35 6
IT08 502.55 3.48 6 7 36 6
IT09 485.60 4.31 5 5 35 5
IT10 502.55 3.40 6 7 36 6
IT11 492.00 4.17 5 5 34 5
IT12 451.59 4.13 8 5 32 8
IT13 527.68 4.55 7 5 38 7
IT14 521.72 5.10 13 5 37 13
IT15 471.58 3.87 6 5 34 6
IT16 543.67 3.89 7 6 38 7
IT17 523.01 4.00 7 7 36 7
IT18 435.55 3.57 6 5 31 6
IT19 385.49 3.07 6 5 27 6
IT20 421.52 3.29 6 5 30 6
IT21 486.39 3.82 5 5 30 5
IT22 459.93 3.66 5 6 31 5
IT23 459.93 3.66 5 6 31 5
IT24 435.55 3.92 5 5 31 5
IT25 452.49 2.98 6 7 32 6
IT26 441.94 3.43 5 5 30 5
IT27 437.52 3.61 6 6 31 6

a Molecular Weight (MW; 130 to 725). b Log partition coefficient between
hydrogen acceptors (2–20). e # Heavy atoms (non-hydrogen) (20–70). f Num

© 2022 The Author(s). Published by the Royal Society of Chemistry
process.54 Table 1 represents the anticipated drug-likeness
parameters of each designed hybrid analogues; the prescribed
cut-off ranges of each and every parameter that are being fol-
lowed by 95% of known marketed drugs were added in the
footnotes of the table,49 Other than molecular weight, most of
the designed imidazo-[2,1-b]-thiazole and benzo-[d]-imidazo-
[2,1-b]-thiazole derivatives met the predicted n-octanol values,
and the water partition coefficient, hydrogen bond acceptors
and hydrogen bond donors' parameters. The values were all
within the established limits and validating Lipinski's rule of
ve. Additionally, the number of atoms was within the accept-
able range, enhancing drug-likeness. All the titled imidazo-[2,1-
eters of the imidazo-[2,1-b]-thiazole and benzo-[d]-imidazo-[2,1-b]-

tatable bondsf log Swg
Solubility forecast
index

Oral bioavailability
(Veber's rule)

�3.92 Good Good
�5.51 Good Good
�5.69 Good Good
�5.03 Good Good
�4.53 Good Good
�6.60 Good Good
�5.46 Good Good
�5.48 Good Good
�5.99 Good Good
�5.48 Good Good
�5.99 Good Good
�5.16 Good Good
�6.74 Good Good
�6.93 Good Good
�5.45 Good Good
�6.25 Good Good
�5.76 Good Good
�4.48 Good Good
�3.24 Good Good
�4.22 Good Good
�5.07 Good Good
�4.93 Good Good
�4.24 Good Good
�4.75 Good Good
�4.24 Good Good
�4.76 Good Good
�4.23 Good Good

n-octanol and water (�2 to 6.5). c # hydrogen bond donors (0–6). d #
ber of rotatable bonds (0–15). g Log aqueous solubility (�6.5 to 0.5).

RSC Adv., 2022, 12, 22385–22401 | 22387
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b]-thiazole and benzo-[d]-imidazo-[2,1-b]-thiazole's predicted
aqueous solubility was good. Based on Veber's rule, the imi-
dazo-[2,1-b]-thiazole and benzo-[d]-imidazo-[2,1-b]-thiazole
analogues were also considered to have good oral bioavail-
ability.55 Overall outcomes disclose that the designed imidazo-
[2,1-b]-thiazole and benzo-[d]-imidazo-[2,1-b]-thiazole deriva-
tives generally possess drug-like behaviour. Hence, all deriva-
tives were selected for further research.

2.2 Chemistry

To achieve the title derivatives (IT01–IT27), we followed
a synthetic strategy represented in Scheme 1. The cyclization of
compound 1 with ethyl 2-chloro-3-oxobutanoate (2) in 1,4-
dioxane under reux condition produced the ethyl 2-methyl-
benzo-[d]-imidazo-[2,1-b]-thiazole-3-carboxylate (3). The ob-
tained compound 3 was established by 1H NMR. Earlier
literature reports also conrm the formation of compound
3.29–32,51 A specic singlet peak for the methyl group protons at
d 2.28 ppm was observed. In mass spectroscopy we observed [M
+ 1] peak at m/z ¼ 261.2, conrming the presence of compound
3. Later, compound 3 was further subjected to ester hydrolysis
in presence of LiOH to yield corresponding acid 4; structure of 4
was conrmed by loss of the ethoxy proton signals and
appearance of a broad exchangeable peak at d 12.08 ppm in 1H
NMR. The acid 4 was subjected to amide coupling with n-Boc
piperazine using HATU as coupling agent and Hunig's base to
get the carboxamide 5, which was conrmed by MS analysis.
The carboxamide (5) was subjected to Boc deprotection in acidic
medium to obtain key intermediate 6; the absence of Boc
protons at 1.49 ppm in 1H NMR conrmed the formation of 6.
Scheme 1 Synthetic strategy for the designedmolecules. Reagents and c
to rt, 16 h (c) HATU, DIPEA, DMF, rt, 12 h (d) 4 MHCl in 1,4-dioxane, CH2Cl
2 h; ii. NaN3, DMSO, 70 �C, 5 h (g) CuSO4$5H2O, sodium ascorbate, DM

22388 | RSC Adv., 2022, 12, 22385–22401
N-alkylation of 6 with 2-bromoethanol and propargyl bromide
in the presence of K2CO3 yielded the corresponding N-alkylated
products (8 and 11). Compound 8 was treated with methyl silyl
chloride followed by sodium azide to get the compound 9. The
alkylated products (9 and 11) nally were reacted with various
acetylenes and azides using well-known click chemistry to yield
titled 1,2,3-triazole derivatives. In the ESI† we discussed the
detailed procedure for each step, while the corresponding
analytical data of the nal compounds is in Section 1.

TLC (thin-layer chromatography) and ESI mass spectrometry
were used to monitor all reactions. The obtained crude product
from every step was puried via column chromatography using
silica gel (mesh size is 100–200) and (10 to 100%)
EtOAc : petroleum ether as eluent. All title compounds were
subjected to ESI-MS, 1H NMR and 13C NMR for further conr-
mation of structures.

2.3 Biological evaluation

The titled synthesized compounds, imidazo-[2,1-b]-thiazole
(IT01–IT05, IT19–IT27) and benzo-[d]-imidazo-[2,1-b]-thiazole
(IT06–IT18) were examined for their antimycobacterial activity
against Mtb. A prototype based on a luminescent Mtb H37Ra
lab strain (H37Ralux) was used. As previously reported in the
literature, this technique provides a sensitive and repeatable
tool, able to substitute enumeration of bacteria by careful
plating on agar.57,58 Antitubercular properties of the synthesized
compounds were elucidated by comparing the reduction of
luminescence emitted by a culture exposed to the compound to
a negative control culture. Aer seven days of exposure of Mtb
H37Ralux to successive dilutions of the compounds, the
onditions: (a) 1,4-dioxane, reflux, 24 h (b) LiOH–H2O, THF–MeOH, 0 �C
2, 0 �C to rt, 4 h (e) K2CO3, ACN, rt, 6 h (f) i. MsCl, Et3N, CH2Cl2, 0 �C to rt,
F-t-BuOH-H2O (5 : 3 : 2), 0 �C to rt, 12–14 h.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Antimycobacterial results of the synthesized imidazo-[2,1-b]-thiazole and benzo-[d]-imidazo-[2,1-b]-thiazole derivatives against
H37Ra and MRC-5 strains

Cmpd. R R1

Mtb H37Raluxa MRC-5b T.I.c

IC90 (mM) IC50 (mM) CC50 (mM) CC50/IC50

IT01 — 52.03 6.12 N.D.(d) N.A.e

IT02 — 12.83 5.20 46.01 8.8

IT03 — 10.22 2.88 45.49 15.8

IT04 — 14.59 3.94 >128 32.5

IT05 — >128 49.6 N.D. N.A.

IT06 — 15.22 2.03 N.D. N.A.

IT07 — 15.36 7.27 N.D. N.A.

IT08 — 11.81 2.96 >128 43.2

IT09 — 13.49 3.46 >128 37.0

IT10 — 7.05 2.32 >128 55.2

IT11 — 14.46 3.86 29.42 7.6

IT12 — 62.76 43.67 N.D. N.A.

IT13 — 7.24 3.19 43.67 13.7

IT14 — 27.96 13.07 N.D. N.A.

IT15 — 27.21 12.22 N.D. N.A.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 22385–22401 | 22389
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Table 2 (Contd. )

Cmpd. R R1

Mtb H37Raluxa MRC-5b T.I.c

IC90 (mM) IC50 (mM) CC50 (mM) CC50/IC50

IT16 — 14.49 7.09 58.09 8.2

IT17 — 115.57 19.74 N.D. N.A.

IT18 — 63.77 29.13 N.D. N.A.

IT19 — >128 >128 N.D. N.A.

IT20 — 54.94 20.59 N.D. N.A.

IT21 — 53.02 20.67 N.D. N.A.

IT22 — 57.82 5.28 N.D. N.A.

IT23 — 84.83 43.82 N.D. N.A.

IT24 — 48.78 19.83 N.D. N.A.

IT25 — 51.36 23.05 N.D. N.A.

IT26 — 62.14 30.16 N.D. N.A.

IT27 — 98.08 46.03 N.D. N.A.

INHd 0.09 0.04 N.D. N.A.
Tamoxifene N.D. N.D. 12.40

a MIC and IC50 concentrations calculated from the growth inhibition of 90% and 50%, respectively, based on luminometry of cultures exposed to
a 10-point serial dilution in triplicate. The experiment was followed by two independent repeats. Percentage inhibitions >10% were repeated.
b Viability of MRC-5 broblast cell line cultures, measured as a 50% reduction in uorescence in a resazurin assay. c T.I., the therapeutic index
calculated by dividing the CC50 by the IC50. INH, isoniazid a rst-line TB drug used as reference drug. Tamoxifen, a reference compound for
cellular toxicity. d N.D ¼ Not determined. e N.A ¼ Not applicable.
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effectiveness was calculated as the minimal inhibitory concen-
tration (MIC) at which the mycobacterial growth is reduced by
90% as well as the IC50, in which 50% of mycobacterial growth
was reduced, as reported in Table 2. Within the series, hits were
22390 | RSC Adv., 2022, 12, 22385–22401
dened during proling as test compounds that reached an
MIC against Mtb H37Ralux below 15 mM. Albeit arbitrary by
nature, the selected stringency was chosen based on the overall
potency of the series. Out of the compound library, nine hits
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Antimycobacterial results of the synthesized imidazo-[2,1-b]-
thiazole and benzo-[d]-imidazo-[2,1-b]-thiazole derivatives against
a panel of NTMsa

Cmpd.

IC50 (mM)

M. avium
subsp. avium M. intracellulare M. smegmatis M. abscessus

IT02 125.8 119.3 >128.0 >128.0
IT03 >128.0 63.4 28.2 >128.0
IT04 >128.0 >128.0 16.4 >128.0
IT08 >128.0 >128.0 44.1 >128.0
IT09 >128.0 >128.0 5.7 >128.0
IT10 >128.0 >128.0 >128.0 >128.0
IT11 100.2 98.8 52.7 >128.0
IT13 17.1 >128.0 34.6 >128.0
IT16 123.5 >128.0 103.2 >128.0

a IC50 concentrations calculated from the growth inhibition 50% based
on luminometry of cultures exposed to a 10-point serial dilution in
triplicate. The experiment was followed by two independent repeats.
Percentage inhibitions >10% were repeated.

Fig. 4 Superimposed view of the native orientation of ligand FG-2 (X-
ray crystallized pose) and docked orientation of the same ligand in the
active site of the protein (3IUB) (Root mean square deviation 0.22 Å)
(color interpretation—pink color—binding pose after docking, white
color—X-ray native pose of ligand).
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were selected, meeting the outlined criteria. The nine
compounds include three derivatives (IT02–IT04) from the
imidazo-[2,1-b]-thiazole cluster with MIC between 10.22 mM and
14.59 mM and six derivatives from the benzo-[d]-imidazo-[2,1-b]-
thiazole cluster (IT08–IT11, IT13 and IT16) with MIC between
7.05 mM and 14.49 mM. These nine compounds were selected for
a study of potential acute cellular toxicity as reported in Table 2.
As a cellular model for acute toxicity, the human MRC-5 bro-
blast cell line was selected.59 The cell line was exposed to the
synthesized derivatives for 24 h aer which viability was
measured. Viability was detected by the addition of Resazurin,
a non-toxic, cell-permeable purple dye which is reduced in
living cells to a pink, highly uorescent resorun.60 The acute
cytotoxic concentration of the test compounds was dened as
the concentration at which the cells failed to reduce 50% of
Resazurin compared to the non-exposed negative control cells.
For the tested derivatives, acute toxicity could only be detected
at concentration tenfold higher than the IC50 towards Mtb
H37Ralux. For three benzo-[d]-imidazo-[2,1-b]-thiazole deriva-
tives (IT08–IT10) and one imidaz-[2,1-b]-thiazole derivative
IT04, a reduction in viability following exposure was not
observed altogether at 128 mM. By dividing the CC50 with the
IC50, the Therapeutic Index (T.I.) can be calculated to allow the
selection of the derivative with the most favourable activity.
From this analysis, the 4-nitro phenyl substituted benzo-[d]-
imidazo-[2,1-b]-thiazole derivative IT10 showed best activity
with an observed IC90 of 7.05 mM and an acute cytotoxicity CC50

>128 mM.
To discriminate between the potency of the compounds

against slow versus fast growing mycobacteria, the synthesized
benzo-[d]-imidazo-[2,1-b]-thiazole derivatives with an observed
MIC >15 mM against Mtb H37Ra were tested against a panel of
non-tuberculous mycobacteria (NTM). The panel of NTM
included two members of the Mycobacterium avium complex
(MAC),M. avium subsp. avium andM. intracellulare.61 Both MAC
species cause TB-like pulmonary infections in patients that are
immuno-compromised or suffer from severe lung disease. Both
species are considered slow growing mycobacteria with
a generation time of (10–12 h) similar to the generation time of
Mtb (20–24 h). As a model for fast growing mycobacteria,
Mycobacterium smegmatis and Mycobacterium abscessus were
selected.62,63 M. smegmatis is considered a non-pathogenic
microorganism that infrequently causes opportunistic infec-
tions while M. abscessus can cause chronic lung disease in
vulnerable hosts as well as skin infections in immune decient
patients. M. abscessus infections appear to be on the rise, and
outbreaks have been observed in hospitals and clinical settings
around the world. Both species are considered fast-growing
mycobacteria with a shorter generation time of 3 to 4 h. In
general, we observed a signicantly reduced potency of the
(benzo-[d])-imidazo-[2,1-b]-thiazole derivatives against all NTMs
as shown in Table 3. Apart from the 4-t-butyl phenyl substituted
benzo-imidazo-[2,1-b]-thiazole derivative IT13, no IC50 was
observed for any tested compound below 100 mM against the
slow growing MAC species. Against the fast-growing NTMs,
most derivatives showed activity against the fast-growing M.
smegmatis but not against M. abscessus. Surprisingly, the most
© 2022 The Author(s). Published by the Royal Society of Chemistry
active compound out of theMtb screen (benzo-[d])-imidazo-[2,1-
b]-thiazole derivative IT10 showed no activity >128 mM against
any NTM tested within the panel.
2.4 Molecular docking studies

The crystal structure of Mtb pantothenate synthetase (PDB-
3IUB) was retrieved from the RCSB Protein Data Bank56

(https://www.rcsb.org/structure/3iub) with a resolution of 1.5 Å.
Aer importation, the protein was prepared by Schrödinger
Protein Preparation Wizard and a grid was generated. The co-
crystal ligand FG-2 was extracted/removed from the PDB struc-
ture, re-docked in the generated grid, and checked for super-
imposition. The Root-mean-square deviation (RMSD) was found
to be 0.22 Å, indicating that the docking protocol was validated
and suitable for the docking study (Fig. 4) of the test molecules.

Molecular docking is one of the widely used structure based
drug design (SBDD) techniques in computer-aided drug design
approach. It is useful in drug discovery to predict the predom-
inant binding mode(s) of a test ligand with a target protein of
RSC Adv., 2022, 12, 22385–22401 | 22391
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Fig. 5 (A) Docked orientations (3D and 2D) of the co-crystal ligand (FG-2) in the active site of the protein (3IUB). (B) Docked orientations (3D and
2D) of the significantly active compound (IT06) in the active site of the protein (3IUB) C. Docked orientations (3D and 2D) of the significantly
active compound (IT10) in the active site of the protein (3IUB) (color interpretation of amino acid residues—yellow hydrogen bond. Blue aromatic
bond, pink Pi interactions, yellow halogen bond interaction (2D)).

Table 4 Docking results and interactions of the test compounds (FG-2, IT06, IT10)

S. no. Code Hydrogen-bond Aromatic bond Pi–Pi interactions
Glide score
(kcal mol�1)

1 Co-crystal ligand (FG-2) MET-40 HIS-47 HIS-44 (Pi–Pi stacking) �4.96
GLN-164 GLN-164
HIS-47 MET-195
VAL-187

2 IT06 HIS-44 GLN-164 VAL-187 (halogen bond) �1.95
MET-195 HIS-47

3 IT10 VAL-187 MET-195 ARG 198 (2) �1.29
SER 197 HIS-44

22392 | RSC Adv., 2022, 12, 22385–22401 © 2022 The Author(s). Published by the Royal Society of Chemistry
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a known three-dimensional structure. In the current study also,
in order to identify the variety of orientations, conformations,
and interactions exhibited by the signicantly active molecule,
a docking study was initially carried out on an exemplar mole-
cules, analog IT06 and IT10, followed by the docked poses were
critically analyzed using an XP visualizer. The docking scores
and the nature of interactions exhibited by the co-crystal ligand
and test molecules are depicted in Table 4. By scrutinizing the
co-crystal ligand's (FG-2) 3D and 2D (Fig. 5) poses, amino acid
residues MET-40, HIS-47 and VAL-187, GLN-164 contributed
their part in hydrogen bond formation with the co-crystal ligand
and showed the docking score of �4.96 kcal mol�1. Apart from
the hydrogen bond interactions, the co-crystal ligand also
exhibited three aromatic bonds with HIS-47, MET-195, and
GLN-164 amino-acid residues. HIS-44 amino-acid residue
revealed pi–pi stacking interaction with the co-crystal ligand.
Interestingly, one water molecule was also involved in the
hydrogen bond formation with the ligand in the active site of
the target.

When the selected model compound IT06 was subjected to
docking at the active site of the target protein, many interac-
tions were observed. The amino acid HIS-44 was involved in the
hydrogen bond interactions with the test compound IT06. In
terms of aromatic interactions, GLN-164 and MET-195 were
found common as that of co-crystal ligand. Additionally, one
halogen bond was exhibited with a chlorine atom of phenyl
triazole nucleus. Another compound IT10 also revealed two
hydrogen bond interactions with VAL187, SER-197 amino acid
residues. Additionally, MET-195 exposed an aromatic bond
interaction with the target. Two Pi–Pi interactions were
observed with compound IT10 with the amino acid residue
ARG-198, and another with HIS-44. All these interactions made
the complex best t in the active site of the target PS (PDB-3IUB)
of Mtb.

2.5 Molecular dynamic studies

The best conformations of each docked pose of co-crystal ligand
and signicantly active compounds IT06, IT10 were subjected to
a molecular dynamics (MD) simulation study to examine the
stability of the protein and ligand complex (PLC).
Fig. 6 Root mean square deviation (RMSD) of the co-crystal ligand FG-

© 2022 The Author(s). Published by the Royal Society of Chemistry
Here, we analyzed the binding energy between target enzyme
and ligand, the structural changes during complex docking, and
interactions of salt bridges and hydrogen bonds. An excellent
root mean square deviation (RMSD) was found for the co-crystal
ligand (Fig. 6). Critical analysis was carried out to check the
stability of the enzyme and co-crystal ligand; at the initial stage
of the molecular dynamics, around 15 ns, minor instability was
revealed. Aer the simulation started around 20 ns, the enzyme
and co-crystal ligand were in close contact. Molecular docking
and molecular dynamics studies both revealed the same amino
acids involved in various types of interactions. The same amino
acids, for instance, VAL-187, were wholly involved in the
hydrogen bond interaction throughout the simulation. Apart
from this, HIS-44, HIS-47, LYS-160, VAL-187, MET-195, SER-196
and SER-197 residues actively participated in hydrogen bond
interactions with the co-crystal ligand at the active site of the
target PS (PDB-3IUB) of Mtb (Fig. 7). In the same way, 49% to
99% of the MD simulated contacts were found with the co-
crystal ligand FG-2. Furthermore, the SER-197 residue contrib-
uted a continuous contact of 99% throughout with an oxygen
atom of the SO2 group of the ligand, and the indole nitrogen
atom of the ligand collaborated 98% with the MET-195 residue
of the protein. During amino-acid residue interactions analysis,
water-mediated interactions were also identied. All these
interactions made the complex stable during the entire dura-
tion of the study.

The signicantly active compound IT06 was also analyzed
with the molecular dynamics simulation to conrm its confor-
mational changes occurring during the simulation. The protein
and the compound IT06 ligand complex were analyzed by
checking RMSD. Aer critical analysis of the compound IT06,
results were acceptable as a 2.8 Å distance was observed
between protein and IT06 ligand complex. The amino acids HIS-
44 and GLN-164 highly contributed to the hydrogen bond
interaction with the protein and IT06 ligand. The same amino
acids were involved in the interactions during molecular
docking studies also. With these inferences, the protein and
compound IT06 ligand ts perfectly in the active site of the
target PS (PDB-3IUB) of Mtb. GLN-164 amino-acid residue
exposed 94% of the interaction with the carbonyl oxygen of
2, compound IT06 and compound IT10 complexes.

RSC Adv., 2022, 12, 22385–22401 | 22393
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Fig. 7 Protein ligand histogram of the co-crystal ligand FG-2, compound IT06 and compound IT10 complexes.
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piperidinoyl group. The phenyl triazole moiety divulged two
hydrogen bond interactions with HIS-44 (46%) and SER-197
(29%) amino acid residues (Fig. 8). All these simulations gave
insights for future studies.
22394 | RSC Adv., 2022, 12, 22385–22401
The investigation was continued to another protein-ligand
complex IT10. The conformational changes of the ligand was
observed up to 20 ns. Aer 20 ns, the IT10 complex was
observed stable with slight uctuations that were within the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Percentage of amino-acid residue interactions with the co-crystal ligand FG-2, compound IT06 and compound IT10 complexes.
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range. The hydrogen bond interaction observed in the molec-
ular docking studies with the amino acid residue VAL 187
revealed the same in the histogram of the molecular dynamics
studies as well. The nitro group of the IT10 was contributed to
the pi interaction with the amino acid residue HIS44 (46%). The
keto group also involved in the active hydrogen bond formation
with MET40 (53%). Another amino acid residue of the target
LYS 160 (49%) was actively collaborated with the triazine moiety
of the ligand IT10 with pi interaction. Overall, the molecular
dynamics studies of the selected ligands were perfectly tted in
© 2022 The Author(s). Published by the Royal Society of Chemistry
the active site of the target of PS from Mycobacterium
tuberculosis.

3 Conclusion

A panel of around twenty-seven imidazo-[2,1-b]-thiazole (IT01-
IT05 and IT19-IT27) and benzo-[d]-imidazo-[2,1-b]-thiazole
(IT06-IT18) derivatives were designed, in silico ADMET pre-
dicted, synthesized in a straightforward approach by the
combination of piperazine and various 1,2,3-triazole analogues.
Admittedly, the potency of the synthesized panel towards Mtb
RSC Adv., 2022, 12, 22385–22401 | 22395
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was fairly low which led to arbitrary hit selection of >15 mMwith
the best compound selected, derivative IT10. Substitution at
position 4 with a nitro phenyl moiety, as accomplished in
compound IT10, lowered the observed IC90 of the benzo-[d]-
imidazo-[2,1-b]-thiazole scaffold to 7.05 mM and IC50 of 2.32 mM
and removed observable acute cellular toxicity >128 mM against
MRC-5 lung broblast cell line. Another benzo-[d]-imidazo-[2,1-
b]-thiazole compound (IT06) holding 2,4-dichloro phenyl
moiety also exhibited signicant activity (IC50 2.03 mM) against
the tested strain of Mycobacterium tuberculosis. The observed
activity conrms the antitubercular activity and the versatility of
the imidazo-[2,1-b]-thiazoles as a potential pharmacophore. The
exibility of the scaffold should enable a straightforward library
enrichment that could allow an in-depth structure activity
relation (SAR) study and lead to more active library members
based on the scaffolding design strategy. The low or absent
toxicity towards the MRC-5 broblast cell line and the signi-
cantly reduced activity towards various NTM species potentially
points towards a highly selective inhibitory activity exerted by
the tested panel. In order to nd the putative binding mode of
the signicantly active molecule and stability of protein-ligand
complex, molecular docking and molecular dynamics studies
were carried out at the active site of Pantothenate synthetase
(PDB-3IUB).

4 Experimental section
4.1 Chemistry: general procedure for preparation of
intermediates and nal compounds

The general procedure of preparation of intermediates and nal
compounds is detailed in the ESI† section.

4.1.1 (4-(2-(4-Butyl-1H-1,2,3-triazol-1-yl)-ethyl)-piperazin-1-
yl)(6-methylimidazo-[2,1-b]-thiazol-5-yl)-methanone (IT01).
Brown gummy solid, yield 82%, 1H NMR (400 MHz, DMSO-d6)
d 7.86 (s, 1H), 7.76 (d, J ¼ 4.4 Hz, 1H), 7.30 (d, J ¼ 4.4 Hz, 1H),
4.44 (t, J¼ 6.4 Hz, 2H), 3.55 (t, J¼ 6.4 Hz, 4H), 2.78 (t, J¼ 6.4 Hz,
2H), 2.60 (t, J¼ 7.5 Hz, 2H), 2.49–2.43 (m, 4H), 2.29 (s, 3H), 1.63–
1.51 (m, 2H), 1.36–1.28 (m, 2H), 0.89 (t, J¼ 7.4 Hz, 3H); 13C NMR
(101 MHz, DMSO-d6) d 161.55, 150.33, 147.08, 144.90, 122.57,
120.70, 118.00, 113.89, 57.29, 52.92, 47.02, 45.28, 31.61, 29.48,
25.13, 22.55, 22.08, 15.71, 14.41, 14.15. ESI MS (m/z): calcd for
C19H27N7OS: 401.20, found 402 [M + H]+; anal. calcd for
C19H27N7OS: (%) C, 56.83; H, 6.78; N, 24.42; found: C, 56.85; H,
6.75; N, 24.41.

4.1.2 (4-(2-(4-(4-(tert-Butyl)phenyl)-1H-1,2,3-triazol-1-yl)-
ethyl)-piperazin-1-yl)(6-methylimidazo-[2,1-b]-thiazol-5-yl)-
methanone (IT02). Pale yellow solid, M.P.: 62–64 �C, Yield 75%,
1H NMR 1HNMR (400 MHz, DMSO-d6): d 8.52 (s, 1H), 7.77 (t, J¼
2.0 Hz, 2H), 7.75 (d, J ¼ 1.9 Hz, 1H), 7.47 (d, J ¼ 2.0 Hz, 1H),
7.46–7.45 (t, J ¼ 2.9 Hz, 1H), 7.29 (d, J ¼ 4.4 Hz, 1H), 4.54 (t, J ¼
6.2 Hz, 2H), 3.51 (t, 4H), 2.86 (t, J ¼ 6.1 Hz, 2H), 2.56–2.51 (m,
4H), 2.29 (s, 3H), 1.30 (s, 9H); 13C NMR (101 MHz, DMSO-d6)
d 161.63, 153.08, 150.71, 146.56, 128.62, 126.08, 125.38, 121.86,
120.75, 113.89, 57.18, 52.92, 47.29, 45.29, 34.82, 31.54, 29.47,
15.82. ESI MS (m/z): calcd for C25H31N7OS: 477.23, found 478 [M
+ H]+; anal. calcd for C19H27N7OS: (%) C, 62.87; H, 6.54; N,
20.53; found: C, 62.89; H, 6.52; N, 20.54.
22396 | RSC Adv., 2022, 12, 22385–22401
4.1.3 (6-Methylimidazo-[2,1-b]-thiazol-5-yl)(4-(2-(4-nonyl-
1H-1,2,3-triazol-1-yl)-ethyl)-piperazin-1-yl)-methanone (IT03).
Pale yellow gammy solid, yield 86%, 1H NMR (400 MHz, DMSO-
d6) d 7.91 (s, 1H), 7.81 (d, J¼ 4.4 Hz, 1H), 7.38 (d, J¼ 4.4 Hz, 1H),
4.48 (t, J ¼ 6.4 Hz, 2H), 3.57 (t, 4H), 2.78 (t, J ¼ 6.4 Hz, 2H), 2.60
(t, J¼ 7.5 Hz, 2H), 2.49–2.43 (m, 4H), 2.35 (m, 9H), 1.63–1.51 (m,
4H), 1.36–1.28 (m, 4H), 0.92 (t, J ¼ 7.4 Hz, 3H); 13C NMR (101
MHz, DMSO-d6) d 161.53, 150.39, 147.12, 144.92, 122.61, 120.73,
118.12, 113.91, 57.31, 52.95, 47.08, 45.34, 31.59, 29.48, 28.31,
27.91, 27.23, 26.41, 26.12, 25.13, 22.55, 22.08, 15.71, 14.41,
14.15. ESI MS (m/z): calcd for C24H37N7OS: 471.28, found 472 [M
+ H]+; anal. calcd for C24H37N7OS: (%) C, 61.12; H, 7.91; N,
20.79; found: C, 61.15; H, 7.93; N, 20.76.

4.1.4 (4-(2-(4-(((1H-Benzo-[d]-imidazole-2-yl)-thio)-methyl)-
1H-1,2,3-triazol-1-yl)-ethyl)-piperazin-1-yl)(6-methylimidazo-
[2,1-b]-thiazol-5-yl)-methanone (IT04). Pale yellow solid, M.P.:
65–67 �C, Yield 79%, 1HNMR (400 MHz, DMSO-d6): d 12.81 (s,
1H), 8.06 (s, 1H), 7.78 (s, 1H), 7.44 (m, 2H), 7.33–7.31 (m, 1H),
7.09 (d, J ¼ 5.9 Hz, 2H), 4.62 (s, 2H), 4.53 (t, J ¼ 3.4 Hz, 2H), 3.46
(t, J¼ 3.4 Hz, 4H), 2.99 (t, J¼ 3.6 Hz, 2H), 2.70–2.53 (t, J¼ 3.6 Hz,
4H), 2.28 (s, 3H); 13C NMR (101 MHz, DMSO-d6) d 161.62,
150.46, 149.85, 145.06, 143.68, 124.47, 121.89, 120.73, 118.81,
117.83, 114.00, 52.48, 31.61, 30.29, 29.47, 26.37, 22.56, 15.72.
ESI MS (m/z): calcd for C23H25N9OS2: 507.16, found 508 [M +H]+;
anal. calcd for C23H25N9OS2: (%) C, 54.42; H, 4.96; N, 24.83;
found: C, 54.46; H, 4.98; N, 24.81.

4.1.5 (4-(2-(4-(((5-Chloropyridin-2-yl)-oxy)-methyl)-1H-
1,2,3-triazol-1-yl)ethyl)-piperazin-1-yl)(6-methylimidazo-[2,1-b]-
thiazol-5-yl)-methanone (IT05). Brown gammy solid, yield 85%,
1HNMR (400 MHz, DMSO-d6): d 8.10 (s, 1H), 8.06 (d, J ¼ 2.8 Hz,
1H), 8.02 (d, J¼ 2.8 Hz, 1H), 7.76 (d, J¼ 4.4 Hz, 1H), 7.50 (dd, J¼
5.2, 2.9 Hz, 1H), 7.30 (d, J ¼ 4.4 Hz, 1H), 5.13 (s, 2H), 4.48 (t, J ¼
5.5 Hz, 2H), 3.47 (t, J ¼ 5.5 Hz, 4H), 2.77 (t, J ¼ 6.3 Hz, 2H), 2.47
(t, J ¼ 4.5 Hz, 4H), 2.28 (s, 3H); 13C NMR (101 MHz, DMSO-d6)
d 161.56, 160.15, 159.79, 142.29, 141.41, 141.14, 137.17, 136.29,
124.97, 121.32, 120.70, 113.91, 110.82, 57.09, 52.84, 47.19,
43.97, 15.72. ESI MS (m/z): calcd for C21H23ClN8O2S: 486.14,
found 487 [M + H]+ and 509 [M + Na]+; anal. calcd for C21H23-
ClN8O2S: C, 51.80; H, 4.76; Cl, 7.28; N, 23.01; found: C, 51.83; H,
4.78; Cl, 7.30; N, 23.03.

4.1.6 (4-((1-(2,4-Dichlorophenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-piperazin-1-yl)(2-methylbenzo-[d]-imidazo-[2,1-b]-
thiazol-3-yl)-methanone (IT06). Brown gammy solid, yield 85%,
1HNMR (400 MHz, DMSO-d6): d 8.46 (s, 1H), 8.32 (s, 1H), 8.03
(dd, J ¼ 8.0, 0.8 Hz, 1H), 7.99 (d, J ¼ 2.1 Hz, 1H), 7.72 (dd, J ¼
10.0, 8.0 Hz, 2H), 7.52–7.47 (m, 1H), 7.41 (t, J ¼ 7.8, 1.2 Hz, 1H),
3.74 (s, 2H), 3.54 (t, J ¼ 6.5, 1.4 Hz, 2H), 2.70–2.59 (m, 4H), 2.44
(t, J ¼ 6.5, 1.4 Hz, 2H), 2.28 (s, 3H); 13C NMR (101 MHz, DMSO-
d6) d 160.75, 135.77, 134.14, 132.32, 130.57, 130.25, 130.01,
129.55, 129.05, 126.98, 126.65, 125.37, 114.80, 52.44, 29.46,
15.03: ESI MS (m/z): calcd for C24H21Cl2N7OS: 525.09, found 526
[M + H]+ and 548 [M + Na]+; anal. calcd for C24H21Cl2N7OS: (%)
C, 54.76; H, 4.02; Cl, 13.47; N, 18.62; found: C, 54.74; H, 4.05; Cl,
13.49; N, 18.65.

4.1.7 (4-((1-(3-Methoxyphenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-piperazin-1-yl)(2-methylbenzo-[d]-imidazo-[2,1-b]-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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thiazol-3-yl)-methanone (IT07). Black solid, M.P.: 81–83 �C,
yield 70%, 1HNMR (400 MHz, DMSO-d6): d 8.76 (s, 1H), 8.02 (d, J
¼ 7.9 Hz, 1H), 7.70 (d, J¼ 8.1 Hz, 1H), 7.50–7.46 (m, 4H), 7.39 (t,
J¼ 7.2 Hz, 1H), 7.10–7.02 (m, 1H), 3.86 (t, J¼ 6.9 Hz, 4H), 3.73 (t,
J ¼ 6.9 Hz, 4H), 3.55 (s, 2H), 2.65 (s, 3H), 2.29 (s, 3H); 13C NMR
(101 MHz, DMSO-d6) d 160.96, 160.66, 138.21, 132.37, 131.26,
129.52, 126.94, 125.40, 125.34, 122.67, 114.84, 114.73, 112.35,
111.64, 111.54, 105.96, 105.23, 56.07, 55.79, 52.66, 29.47, 15.17.
ESI MS (m/z): calcd for C25H25N7O2S: 487.18, found 488 [M + H]+

and 510 [M + Na]+; anal. calcd for C25H25N7O2S: (%) C, 61.58; H,
5.17; N, 20.11; found: C, 61.61; H, 5.19; N, 20.13.

4.1.8 (2-Methylbenzo-[d]-imidazo-[2,1-b]-thiazol-3-yl)(4-((1-
(3-nitrophenyl)-1H-1,2,3-triazol-4-yl)-methyl)-piperazin-1-yl)-
methanone (IT08). Pale brown solid, M.P.:161–163 �C, Yield
74%, 1HNMR (400 MHz, DMSO-d6): d 8.98 (s, 1H), 8.73 (t, J ¼
2.1 Hz, 1H), 8.41 (dd, J ¼ 8.1, 1.3 Hz, 1H), 8.32 (dd, J ¼ 8.0,
1.5 Hz, 1H), 8.04–8.00 (m, 1H), 7.90 (t, J ¼ 8.1 Hz, 1H), 7.70 (d, J
¼ 7.7 Hz, 1H), 7.48–7.43 (m, 1H), 7.40–7.35 (m, 1H), 3.75 (s, 2H),
3.55 (s, 2H), 2.64 (m, 4H), 2.45 (s, 2H), 2.29 (s, 3H); 13C NMR (101
MHz, DMSO-d6) d 160.81, 149.02, 145.12, 137.74, 132.30, 132.00,
129.54, 126.92, 126.41, 125.35, 123.44, 123.11, 115.06, 114.80,
52.61, 29.47, 22.56, 15.03, 14.41. ESI MS (m/z): calcd for
C24H22N8O3S, 502.15, found 503 [M + H]+ and 525 [M + Na]+;
anal. calcd for C24H22N8O3S: (%) C, 57.36; H, 4.41; N, 22.30;
found: C, 57.33; H, 4.43; N, 22.28.

4.1.9 (4-((1-(3,4-Dimethylphenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-piperazin-1-yl)(2-methylbenzo-[d]-imidazo-[2,1-b]-
thiazol-3-yl)-methanone (IT09). Brown gammy solid, yield 78%,
1H NMR (400 MHz, DMSO-d6) d 8.64 (s, 1H), 8.32 (s, 1H), 8.02 (d,
J ¼ 7.2 Hz, 1H), 7.70 (dd, J ¼ 4.5, 2.4 Hz, 2H), 7.59 (dd, J ¼ 8.1,
2.2 Hz, 1H), 7.49–7.44 (m, 1H), 7.41–7.36 (m, 1H), 7.33 (d, J ¼
8.2 Hz, 1H), 3.70 (s, 2H), 3.54 (s, 2H), 2.74–2.52 (m, 4H), 2.44 (s,
2H), 2.31 (s, 3H), 2.28 (s, 6H); 13C NMR (101 MHz, DMSO-d6)
d 160.79, 138.53, 137.30, 135.10, 130.98, 129.54, 126.94, 125.41,
122.37, 121.26, 117.63, 114.79, 52.72, 31.16, 29.48, 22.56, 19.88,
19.43. ESI MS (m/z): calcd for C26H27N7OS: 485.20, found 486 [M
+ H]+ and 508 [M + Na]+; anal. calcd for C26H27N7OS: (%) C,
64.31; H, 5.60; N, 20.19; found: C, 64.32; H, 5.62; N, 20.16.

4.1.10 (2-Methylbenzo-[d]-imidazo-[2,1-b]-thiazol-3-yl)(4-
((1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)-methyl)-piperazin-1-yl)-
methanone (IT10). Yellow solid, M.P.: 173–175 �C,yield 80%,
1HNMR (400 MHz, DMSO-d6): d 8.95 (s, 1H), 8.46 (d, J ¼ 9.0 Hz,
2H), 8.23 (d, J ¼ 9.0 Hz, 2H), 8.02 (d, J ¼ 7.8 Hz, 1H), 7.70 (d, J ¼
8.2 Hz, 1H), 7.46 (t, J ¼ 7.6 Hz, 1H), 7.39 (t, J ¼ 7.5 Hz, 1H), 3.75
(s, 2H), 3.55 (s, 2H), 2.77–2.57 (m, 4H), 2.46–2.37 (m, 2H), 2.29
(s, 3H); 13C NMR (101 MHz, DMSO-d6) d 160.82, 148.33, 147.07,
145.36, 141.38, 132.31, 129.54, 126.93, 126.03, 125.41, 123.10,
120.91, 120.58, 114.82, 112.84, 53.00, 52.55, 47.61, 15.05. ESI MS
(m/z): calcd for C24H22N8O3S: 502.15, found 503 [M + H]+and
525 [M + Na]+; anal. calcd for C24H22N8O3S: (%) C, 57.36; H,
4.41; N, 22.30; found: C, 57.34; H, 4.43; N, 22.34.

4.1.11 (4-((1-(3-Chlorophenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-piperazin-1-yl)(2-methylbenzo-[d]-imidazo-[2,1-b]-
thiazol-3-yl)-methanone (IT11). Pale brown solid, M.P.: 132–
134 �C, yield 75.4%, 1HNMR (400MHz, DMSO-d6): d 8.82 (s, 1H),
8.05 (s, 1H), 7.93 (d, J¼ 7.6 Hz, 1H), 7.70 (d, J¼ 8.0 Hz, 1H), 7.63
© 2022 The Author(s). Published by the Royal Society of Chemistry
(t, J ¼ 8.0 Hz, 1H), 7.56 (d, J ¼ 7.6 Hz, 1H), 7.47 (t, J ¼ 7.6 Hz,
2H), 7.38 (t, J¼ 7.4 Hz, 1H), 3.75 (s, 2H), 3.55 (t, J¼ 34.7 Hz, 4H),
2.66 (t, J¼ 34.7 Hz, 4H), 2.29 (s, 3H); 13C NMR (101 MHz, DMSO-
d6) d 160.68, 138.22, 134.66, 132.52, 132.08, 131.09, 129.50,
128.80, 126.96, 125.39, 125.35, 122.92, 120.19, 118.97, 114.91,
52.62, 41.99, 31.74, 29.47, 16.63. ESI MS (m/z): calcd for C24-
H22ClN7OS: 491.13, found 492 [M + H]+ and 514 [M + Na]+; anal.
calcd for C24H22ClN7OS: (%) C, 58.59; H, 4.51; Cl, 7.21; N, 19.93;
found: C, 58.63; H, 4.55; Cl, 7.19; N, 19.95.

4.1.12 (4-(2-(4-Butyl-1H-1,2,3-triazol-1-yl)-ethyl)-piperazin-
1-yl)(2-methylbenzo-[d]-imidazo-[2,1-b]-thiazol-3-yl)-methanone
(IT12). Brown gammy solid, Yield 80%, 1H NMR (400 MHz,
DMSO-d6) d 8.03 (dd, J¼ 8.0, 0.9 Hz, 1H), 7.86 (s, 1H), 7.73 (dd, J
¼ 5.9, 2.4 Hz, 1H), 7.54–7.49 (m, 1H), 7.44–7.39 (m, 1H), 4.44 (t, J
¼ 6.3 Hz, 2H), 3.58 (t, J ¼ 74.2 Hz, 4H), 2.79 (t, J ¼ 6.2 Hz, 2H),
2.60 (t, J¼ 7.5 Hz, 4H), 2.28 (s, 3H), 1.60–1.52 (m, 2H), 1.34–1.29
(m, 2H), 1.25–1.22 (m, 2H), 0.88 (dd, J ¼ 8.7, 6.0 Hz, 3H); 13C
NMR (101 MHz, DMSO-d6) d 160.72, 148.31, 147.07, 144.19,
132.32, 129.53, 127.00, 125.44, 125.35, 122.58, 118.99, 114.87,
57.20, 53.09, 47.01, 31.61, 29.46, 25.13, 22.08, 15.01, 14.15. ESI
MS (m/z): calcd for C23H29N7OS: 451.22, found 452 [M + H]+ and
474 [M + Na]+; anal. calcd for C23H29N7OS: (%) C, 61.17; H,
6.47; N, 21.71; found: C, 61.18; H, 6.50; N, 21.75.

4.1.13 (4-(2-(4-(4-(tert-Butyl)-phenyl)-1H-1,2,3-triazol-1-yl)-
ethyl)-piperazin-1-yl)(2-methylbenzo-[d]-imidazo-[2,1-b]-thiazol-
3-yl)-methanone (IT13). Yellow solid, M.P.: 115–117 �C, Yield
77%, 1HNMR (400 MHz, DMSO-d6): d 8.52 (s, 1H), 8.04 (d, J ¼
7.8 Hz, 1H), 7.76 (d, J ¼ 8.3 Hz, 2H), 7.72 (s, 1H), 7.53 (t, J ¼
7.3 Hz, 1H), 7.46 (d, J ¼ 7.8 Hz, 2H), 7.40 (s, 1H), 4.54 (t, J ¼
5.8 Hz, 2H), 3.50 (t, J¼ 5.8 Hz, 4H), 2.86 (t, t, J¼ 5.8 Hz 2H), 2.60
(t, J ¼ 6.0 Hz, 4H), 2.29 (s, 4H), 1.28 (s, 9H); 13C NMR (101 MHz,
DMSO-d6) d 161.12, 152.13, 150.72, 146.59, 137.04, 132.66,
131.91, 129.56, 128.60, 127.10, 126.28, 126.07, 125.97, 125.51,
125.39, 121.87, 119.28, 118.00, 115.06, 57.10, 47.31, 34.99,
34.81, 31.53, 31.32, 31.24, 16.34. ESI MS (m/z): calcd for
C29H33N7OS, 527.25, found 528 [M + H]+ and 550 [M + Na]+;
anal. calcd for C29H33N7OS: (%) C, 66.01; H, 6.30; N, 18.58;
found: C, 66.031; H, 6.32; N, 18.62.

4.1.14 (2-methylbenzo-[d]-imidazo-[2,1-b]-thiazol-3-yl)(4-(2-
(4-nonyl-1H-1,2,3-triazol-1-yl)-ethyl)-piperazin-1-yl)-methanone
(IT14). Yellow gammy solid, yield 88%, 1H NMR (400 MHz,
DMSO-d6) d 8.12 (dd, J¼ 8.3, 1.2 Hz, 1H), 7.92 (s, 1H), 7.80 (dd, J
¼ 5.9, 2.4 Hz, 1H), 7.62–7.55 (m, 1H), 7.50–7.42 (m, 1H), 4.46 (t, J
¼ 6.4 Hz, 2H), 3.58–3.50 (t, J ¼ 6.4 Hz, 4H), 2.75 (t, J ¼ 6.4 Hz,
2H), 2.62 (t, J ¼ 7.5 Hz, 2H), 2.45–2.41 (m, 4H), 2.38 (m, 9H),
1.60–1.55 (m, 4H), 1.38–1.3.1 (m, 4H), 0.93 (t, J ¼ 7.4 Hz, 3H);
13C NMR (101 MHz, DMSO-d6) d 161.53, 150.39, 147.12, 144.92,
124.78, 124.56, 123.48, 123.12, 122.61, 120.73, 118.12, 113.91,
57.31, 52.95, 47.08, 45.34, 31.59, 29.48, 28.31, 27.91, 27.23,
26.41, 26.12, 25.13, 22.55, 22.08, 15.71, 14.41, 14.15. ESI MS (m/
z): calcd for chemical formula: C28H39N7OS: 521.29, found 522
[M + H]+ and 544 [M + Na]+; anal. calcd for C28H39N7OS: (%) C,
64.46; H, 7.53; N, 18.79; found: C, 64.43; H, 7.55; N, 18.80.

4.1.15 (2-Methylbenzo-[d]-imidazo-[2,1-b]-thiazol-3-yl)(4-(2-
(4-phenyl-1H-1,2,3-triazol-1-yl)-ethyl)-piperazin-1-yl)-
methanone (IT15). Brown solid, M.P.: 107–109, yield 86%,
1HNMR (400 MHz, DMSO-d6): d 8.58 (s, 1H), 8.04 (d, J ¼ 7.8 Hz,
RSC Adv., 2022, 12, 22385–22401 | 22397
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1H), 7.85 (d, J ¼ 7.4 Hz, 2H), 7.73 (d, J ¼ 8.0 Hz, 1H), 7.62 (d, J ¼
7.1 Hz, 1H), 7.45 (t, J ¼ 7.5 Hz, 3H), 7.33 (t, J ¼ 7.1 Hz, 1H), 4.56
(t, J ¼ 9.2 Hz, 2H), 3.52 (t, J ¼ 11.2 Hz, 4H), 2.89 (t, J ¼ 9.2 Hz,
2H), 2.67 (t, J ¼ 11.2 Hz, 4H), 2.31 (s, 3H). 13C NMR (101 MHz,
DMSO-d6) d 160.71, 146.59, 144.19, 132.31, 131.35, 129.52,
129.37, 128.25, 127.02, 125.59, 125.45, 125.34, 122.16, 114.87,
57.10, 47.33, 29.45, 22.55, 15.01. ESI MS (m/z): calcd for chem-
ical formula: C25H25N7OS: 471.18, found 472 [M + H]+; anal.
calcd for C25H25N7OS: (%) C, 63.67; H, 5.34; N, 20.79; found: C,
63.69; H, 5.36; N, 20.82.

4.1.16 (4-(2-(4-((1H-Benzo-[d]-imidazole-2-yl)-thio)-1H-
1,2,3-triazol-1-yl)-ethyl)-piperazin-1-yl)(2-methylbenzo-[d]-imi-
dazo[2,1-b]-thiazol-3-yl)-methanone (IT16). Pale yellow
solid, M.P.: 79–81 �C, yield 86%, 1H NMR (400 MHz, DMSO-d6)
d 12.78 (s, 1H), 8.12 (s, 1H), 8.04 (d, J ¼ 7.7 Hz, 1H), 7.73 (d, J ¼
8.2 Hz, 1H), 7.66 (d, J ¼ 6.0 Hz, 1H), 7.45–7.40 (m, 2H), 7.15 (d, J
¼ 7.4 Hz, 1H), 7.08 (s, 2H), 4.65 (d, J ¼ 7.3 Hz, 2H), 4.46 (s, 2H),
3.45 (t, J ¼ 11.8 Hz, 4H), 2.75 (s, 2H), 2.54 (t, J ¼ 11.8 Hz, 4H),
2.27 (s, 3H); 13C NMR (101 MHz, DMSO-d6) d 160.03, 132.41,
129.54, 127.02, 126.01, 125.47, 124.28, 123.34, 123.21, 122.91,
122.13, 121.10, 120.85, 118.48, 114.94, 109.53, 108.92, 106.67,
56.93, 52.97, 47.25, 29.46, 26.51, 24.30, 15.19. ESI MS (m/z):
calcd for chemical formula: C27H27N9OS2: 557.18, found 558 [M
+ H]+; anal. calcd for C27H27N9OS2: (%) C, 58.15; H, 4.88; N,
22.60; found: C, 58.19; H, 4.93; N, 22.58.

4.1.17 (4-(2-(4-((5-Chloropyridin-2-yl)oxy)-1H-1,2,3-triazol-
1-yl)-ethyl)-piperazin-1-yl)(2-methylbenzo-[d]-imidazo-[2,1-b]-
thiazol-3-yl)-methanone (IT17). Brown solid, M.P.: 92–94 �C,
yield 76%, 1H NMR (400 MHz, DMSO-d6): d 8.32 (s, 1H), 8.10 (s,
1H), 8.05 (d, J ¼ 2.7 Hz, 2H), 7.72 (d, J ¼ 8.2 Hz, 1H), 7.47–7.39
(m, 3H), 5.13 (s, 2H), 4.47 (t, J ¼ 5.9 Hz, 2H), 3.44 (t, J ¼ 11.2 Hz,
4H), 2.77 (t, J¼ 5.6 Hz, 2H), 2.28 (t, J¼ 11.2 Hz, 4H), 1.23 (s, 3H).
13C NMR (101 MHz, DMSO-d6) d 160.13, 141.11, 137.15, 132.35,
127.02, 125.45, 125.36, 125.00, 121.32, 114.86, 110.80, 57.01,
47.20, 43.94, 29.47, 22.56, 14.41. ESI MS (m/z): calcd for C25-
H25ClN8O2S: 536.15, found 537 [M + H]+ and 559 [M + Na]+; anal.
calcd for C25H25ClN8O2S: (%) C, 55.91; H, 4.69; Cl, 6.60; N,
20.87; found: C, 55.93; H, 4.73; Cl, 6.64; N, 20.90.

4.1.18 (4-(2-(4-Cyclopropyl-1H-1,2,3-triazol-1-yl)-ethyl)-
piperazin-1-yl)(2-methylbenzo-[d]-imidazo-[2,1-b]-thiazol-3-yl)-
methanone (IT18). Yellow solid, M.P.: 77–79 �C, yield 81%, 1H
NMR (400 MHz, DMSO-d6): d 8.03 (d, J ¼ 7.8 Hz, 1H), 7.85 (s,
1H), 7.73 (d, J ¼ 8.1 Hz, 1H), 7.52 (t, J ¼ 7.6 Hz, 1H), 7.42 (t, J ¼
7.5 Hz, 1H), 4.42 (t, J ¼ 22.3 Hz, 2H), 3.64–3.46 (m, 4H), 2.78 (t, J
¼ 22.3 Hz, 2H), 2.41–2.20 (m, 4H), 1.96 (m, 1H), 1.25 (s, 3H),
0.88 (d, J ¼ 6.4 Hz, 2H), 0.69 (d, J ¼ 3.1 Hz, 2H); 13C NMR (101
MHz, DMSO-d6) d 160.73, 149.12, 132.34, 129.53, 127.01, 125.44,
125.34, 121.49, 114.89, 57.19, 47.04, 29.47, 22.56, 15.05, 8.08,
7.02. ESI MS (m/z): calcd for C22H25N7OS: 435.18, found 436 [M +
H]+; anal. calcd for C22H25N7OS: (%) C, 60.67; H, 5.79; N, 22.51;
found: C, 60.64; H, 5.81; N, 22.53.

4.1.19 (4-(2-(4-Cyclopropyl-1H-1,2,3-triazol-1-yl)-ethyl)-
piperazin-1-yl)(6-methylimidazo-[2,1-b]-thiazol-5-yl)-
methanone (IT19). Pale yellow gammy solid, yield 84%, 1H NMR
(400 MHz, DMSO-d6) d 7.84 (d, J ¼ 2.8 Hz, 1H), 7.76 (d, J ¼
4.4 Hz, 1H), 7.30 (d, J ¼ 4.4 Hz, 1H), 4.41 (t, J ¼ 6.3 Hz, 2H), 3.51
(s, 4H), 2.79 (s, 2H), 2.50–2.46 (m, 4H), 2.29 (s, 3H), 1.96–1.90
22398 | RSC Adv., 2022, 12, 22385–22401
(m, 1H), 0.91–0.86 (m, 2H), 0.72–0.66 (m, 2H); 13C NMR (101
MHz, DMSO-d6) d 161.55, 150.33, 149.13, 144.94, 121.49, 120.71,
118.00, 113.90, 57.21, 52.89, 46.95, 45.19, 15.73, 8.08, 7.02. ESI
MS (m/z): calcd for C18H23N7OS: 385.17, found 386 [M + H]+ and
408 [M + Na]+; anal. calcd for C18H23N7OS: (%) C, 56.08; H,
6.01; N, 25.43; found: C, 56.10; H, 6.04; N, 25.48.

4.1.20 (6-Methylimidazo-[2,1-b]-thiazol-5-yl)(4-(2-(4-
phenyl-1H-1,2,3-triazol-1-yl)-ethyl)-piperazin-1-yl)-methanone
(IT20). Yellow solid, M.P.: 53–54 �C, yield 68%, 1H NMR (400
MHz, DMSO-d6): d 8.58 (s, 1H), 7.85 (d, J ¼ 7.4 Hz, 2H), 7.45 (t, J
¼ 7.4 Hz, 3H), 7.35–7.29 (m, 2H), 4.56 (t, J¼ 5.6 Hz, 2H), 3.52 (t, J
¼ 7.8 Hz, 4H), 2.89 (t, J ¼ 5.6 Hz, 2H), 2.55 (t, J ¼ 7.8 Hz, 4H),
2.29 (s, 3H); 13C NMR (101 MHz, DMSO-d6) d 161.65, 146.60,
132.88, 131.36, 130.51, 129.37, 128.25, 125.59, 122.20, 120.87,
120.77, 113.98, 57.08, 52.88, 47.21, 45.23, 15.86. ESI MS (m/z):
calcd for C21H23N7OS: 421.17, found 422 [M + H]+ and 444 [M +
Na]+; anal. calcd for C21H23N7OS: (%) C, 59.84; H, 5.50; N, 23.26;
found: C, 59.89; H, 5.52; N, 23.29.

4.1.21 (4-((1-(4-Bromophenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-piperazin-1-yl)(6-methylimidazo-[2,1-b]-thiazol-5-yl)-
methanone (IT21). Pale brown solid, M.P.: 72–74 �C, yield 83%,
1H NMR (400 MHz, DMSO-d6) d 8.77 (s, 1H), 7.90 (d, J ¼ 8.5 Hz,
2H), 7.80 (d, J ¼ 8.6 Hz, 2H), 7.77 (d, J ¼ 4.2 Hz, 1H), 7.29 (d, J ¼
4.2 Hz, 1H), 3.72 (s, 2H), 3.55 (t, J ¼ 7.5 Hz, 4H), 2.53 (t, J ¼
7.5 Hz, 4H), 2.30 (s, 3H); 13C NMR (101MHz, DMSO-d6) d 161.59,
150.35, 144.91, 136.36, 133.22, 122.67, 122.33, 121.61, 120.75,
118.02, 113.89, 52.82, 52.71, 45.22, 15.77. ESI MS (m/z): calcd for
C20H20BrN7OS: 485.06, found 486 [M + H]+; anal. calcd for
C20H20BrN7OS: (%) C, 49.39; H, 4.14; Br, 16.43; N, 20.16; found:
C, 49.42; H, 4.16; Br, 16.47; N, 20.20.

4.1.22 (4-((1-(3-Chloro-4-uorophenyl)-1H-1,2,3-triazol-4-
yl)-methyl)-piperazin-1-yl)(6-methylimidazo-[2,1-b]-thiazol-5-yl)-
methanone (IT22). Black solid, M.P.: 97–99 �C, yield 77%, 1H
NMR (400 MHz, DMSO-d6) d 8.79 (s, 1H), 8.23 (d, J¼ 3.4 Hz, 1H),
7.97 (s, 1H), 7.77 (s, 1H), 7.67 (t, J¼ 8.6 Hz, 1H), 7.30 (s, 1H), 3.73
(s, 2H), 3.55 (t, J ¼ 6.9 Hz, 4H), 2.53 (t, J ¼ 6.8 Hz, 4H), 2.30 (s,
3H). 13C NMR (101 MHz, DMSO-d6) d 161.61, 158.46, 156.00,
150.38, 144.93, 134.15, 123.02, 122.68, 121.30, 121.22, 120.76,
118.70, 118.47, 113.89, 52.79, 52.70, 45.27, 15.79. ESI MS (m/z):
calcd for C20H19ClFN7OS: 459.10, found 460 [M + H]+ and 482
[M + Na]+; anal. calcd for C20H19ClFN7OS: (%) C, 52.23; H, 4.16;
Cl, 7.71; F, 4.13; N, 21.32; found: C, 52.25; H, 4.19; Cl, 7.68; F,
4.19; N, 21.35.

4.1.23 (6-Methylimidazo-[2,1-b]-thiazol-5-yl)(4-((1-(3-nitro-
phenyl)-1H-1,2,3-triazol-4-yl)-methyl)-piperazin-1-yl)-
methanone (IT23). Pale yellow solid, M.P.: 104–106 �C, yield
87%, 1H NMR (400 MHz, DMSO-d6) d 8.99 (s, 1H), 8.75 (s, 1H),
8.42 (d, J ¼ 7.3 Hz, 1H), 8.32 (d, J ¼ 7.1 Hz, 1H), 7.90 (t, J ¼
7.8 Hz, 1H), 7.76 (d, J ¼ 3.0 Hz, 1H), 7.30 (s, 1H), 3.74 (s, 2H),
3.56 (s, 4H), 2.54 (s, 4H), 2.30 (s, 3H); 13C NMR (101 MHz,
DMSO-d6) d 161.61, 157.28, 150.36, 149.02, 145.23, 137.75,
132.00, 126.43, 123.44, 123.15, 120.75, 118.06, 115.09, 113.87,
52.81, 52.70, 45.29, 15.79. ESI MS (m/z): calcd for C20H20N8O3S:
452.14, found 453 [M + H]+; anal. calcd for C20H20N8O3S: (%) C,
53.09; H, 4.46; N, 24.76; found: C, 53.11; H, 4.48; N, 24.79.

4.1.24 (4-((1-(3,4-Dimethylphenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-piperazin-1-yl)(6-methylimidazo-[2,1-b]-thiazol-5-yl)-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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methanone (IT24). Brown solid, M.P.: 52–54 �C, yield 83%, 1H
NMR (400 MHz, DMSO-d6) d 8.65 (s, 1H), 7.77 (d, J¼ 4.0 Hz, 1H),
7.71 (s, 1H), 7.61 (d, J¼ 8.0 Hz, 1H), 7.33 (d, J¼ 8.2 Hz, 1H), 7.29
(d, J ¼ 4.4 Hz, 1H), 3.70 (s, 2H), 3.55 (t, J ¼ 7.5 Hz, 4H), 2.52 (t, J
¼ 7.5 Hz, 4H), 2.32 (s, 3H), 2.28 (s, 6H); 13C NMR (101 MHz,
DMSO-d6) d 161.79, 155.67, 144.57, 138.53, 137.29, 135.11,
130.98, 130.57, 126.36, 122.38, 121.26, 120.78, 117.63, 116.91,
113.86, 112.80, 52.84, 45.30, 19.88, 19.42, 18.85, 15.83. ESI MS
(m/z): calcd for C22H25N7OS: 435.18, found 436 [M + H]+; anal.
calcd for C22H25N7OS: (%) C, 60.67; H, 5.79; N, 22.51; found: C,
60.69; H, 5.81; N, 22.55.

4.1.25 (6-Methylimidazo-[2,1-b]-thiazol-5-yl)(4-((1-(4-nitro-
phenyl)-1H-1,2,3-triazol-4-yl)-methyl)-piperazin-1-yl)-
methanone (IT25). Brown solid, M.P.: 71–73 �C, yield 87%,
1HNMR (400 MHz, DMSO-d6): d 8.97 (s, 1H), 8.45 (d, J ¼ 7.7 Hz,
2H), 8.24 (d, J ¼ 7.8 Hz, 1H), 8.14 (s, 1H), 7.86 (s, 1H), 7.62 (s,
1H), 3.74 (s, 2H), 3.55 (t, J ¼ 7.2 Hz, 4H), 2.44 (t, J ¼ 7.2 Hz, 4H),
2.29 (s, 3H). 13C NMR (101 MHz, DMSO-d6) d 190.48, 159.10,
144.68, 143.78, 141.24, 134.68, 133.21, 127.65, 127.18, 126.66,
119.81, 119.15, 114.79, 76.86, 48.39, 46.80, 44.76, 39.23, 30.73.
ESI MS (m/z): calcd for C20H20N8O3S: 452.14, found 453 [M +H]+;
anal. calcd for C20H20N8O3S: (%) C, 53.09; H, 4.46; N, 24.76;
found: C, 53.11; H, 4.49; N, 24.72.

4.1.26 (4-((1-(2-Chlorophenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-piperazin-1-yl)(6-methylimidazo-[2,1-b]-thiazol-5-yl)-
methanone (IT26). Pale brown solid, M.P.: 106–108 �C, yield
91%, 1HNMR (400 MHz, DMSO-d6): d 8.47 (s, 1H), 7.80–7.75 (m,
2H), 7.70 (dd, J ¼ 7.5, 1.4 Hz, 1H), 7.61 (m, 2H), 7.30 (d, J ¼
4.4 Hz, 1H), 3.75 (s, 2H), 3.55 (t, J ¼ 6.5 Hz, 4H), 2.54 (t, J ¼
6.5 Hz, 4H), 2.30 (s, 3H). 13C NMR (101MHz, DMSO-d6) d 161.62,
150.34, 144.94, 143.45, 135.10, 132.04, 131.00, 129.01, 128.91,
126.64, 120.71, 118.02, 113.89, 52.74, 52.53, 45.27, 15.75. ESI MS
(m/z): calcd for C20H20ClN7OS: 441.11, found 442 [M + H]+; anal.
calcd for C20H20ClN7OS: (%) C, 54.36; H, 4.56; Cl, 8.02; N, 22.19;
found: C, 54.39; H, 4.58; Cl, 8.06; N, 22.21.

4.1.27 (4-((1-(3-Methoxyphenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-piperazin-1-yl)(6-methylimidazo-[2,1-b]-thiazol-5-yl)-
methanone (IT27). Brown solid, M.P.: 67–69 �C, yield 84%, 1H
NMR (400 MHz, DMSO-d6) d 8.77 (s, 1H), 7.78 (s, 1H), 7.49 (s,
3H), 7.29 (s, 1H), 7.05 (s, 1H), 3.86 (t, J ¼ 7.4 Hz, 4H), 3.72 (s,
2H), 3.55 (t, J ¼ 7.4 Hz, 4H), 2.30 (s, 3H); 13C NMR (101 MHz,
DMSO-d6) d 161.68, 160.66, 144.70, 138.21, 131.26, 122.71,
120.80, 114.75, 113.90, 112.36, 105.96, 56.08, 52.82, 45.23,
15.83. ESI MS (m/z): calcd for C21H23N7O2S: 437.16, found 438
[M + H]+; anal. calcd for C21H23N7O2S: (%) C, 57.65; H, 5.30; N,
22.41; found: C, 57.68; H, 5.32; N, 22.45.
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and E. B. Damonte, Eur. J. Med. Chem., 2011, 46, 259–264.

16 N. S. Shetty, I. A. M. Khazi and C. Ahn, Bull. Korean Chem.
Soc., 2010, 31, 2337–2340.

17 B. A. Bhongade, S. Talath, R. A. Gadad and A. K. Gadad, J.
Saudi Chem. Soc, 2016, 20, S463–S475.
RSC Adv., 2022, 12, 22385–22401 | 22399

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03318f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 4
/1

1/
20

26
 6

:1
9:

36
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
18 A. Andreani, M. Rambaldi, A. Locatelli, A. Cristoni,
S. Malandrino and G. Pifferi, Acta Pharm. Nord, 1992, 4,
93–96.

19 A. Andreani, M. Rambaldi, A. Leoni, A. Locatelli, R. Bossa,
M. Chiericozzi, I. Galatulas and G. Salvatore, Eur. J. Med.
Chem., 1996, 31, 383–387.

20 A. Katiyar, B. Metikurki, S. Prafulla, S. Kumar, S. Kushwaha,
D. Schols, E. De Clercq and S. S. Karki, Acta Pol Pharm, 2016,
73, 937–947.

21 A. Andreani, M. Rambaldi, P. Carloni, L. Greci and P. Stipa, J.
Heterocycl. Chem., 1989, 26, 525–529.

22 T. H. Al-Tel, R. A. Al-Qawasmeh and R. Zaarour, Eur. J. Med.
Chem., 2011, 46, 1874–1881.

23 A. Kamal, F. Sultana, M. J. Ramaiah, Y. V. V. Srikanth,
A. Viswanath, C. Kishor, P. Sharma,
S. N. C. V. L. Pushpavalli, A. Addlagatta and M. Pal-Bhadra,
ChemMedChem, 2012, 7, 292–300.

24 M. Palkar, M. Noolvi, R. Sankangoud, V. Maddi, A. Gadad
and L. V. G. Nargund, Arch. Pharm., 2010, 343, 353–359.

25 I. R. Ager, A. C. Barnes, G. W. Danswan, P. W. Hairsine,
D. P. Kay, P. D. Kennewell, S. S. Matharu, P. Miller,
P. Robson, D. A. Rowlands, W. R. Tully and R. Westwood,
J. Med. Chem., 1988, 31, 1098–1115.

26 M. S. Christodoulou, F. Colombo, D. Passarella, G. Ieronimo,
V. Zuco, M. De Cesare and F. Zunino, Bioorg. Med. Chem.,
2011, 19, 1649–1657.

27 A. Andreani, M. Granaiola, A. Leoni, A. Locatelli, R. Morigi,
M. Rambaldi, L. Varoli, D. Lannigan, J. Smith, D. Scudiero,
S. Kondapaka and R. H. Shoemaker, Eur. J. Med. Chem.,
2011, 46, 4311–4323.

28 C. Blackburn, M. O. Duffey, A. E. Gould, B. Kulkarni, J. X. Liu,
S. Menon, M. Nagayoshi, T. Vos and J. Williams, Bioorg. Med.
Chem. Lett., 2010, 20, 4795–4799.

29 H. K. Patel, R. M. Grotzfeld, A. G. Lai, S. A. Mehta,
Z. V. Milanov, Q. Chao, K. G. Sprankle, T. A. Carter,
A. M. Velasco, M. A. Fabian, J. James, D. K. Treiber,
D. J. Lockhart, P. P. Zarrinkar and S. S. Bhagwat, Bioorg.
Med. Chem. Lett., 2009, 19, 5182–5185.

30 G. C. Moraski, N. Deboosère, K. L. Marshall, H. A. Weaver,
A. Vandeputte, C. Hastings, L. Woolhiser, A. J. Lenaerts,
P. Brodin and M. J. Miller, PLoS One, 2020, 15, 1–19.

31 E. Gürsoy, E. D. Dincel, L. Naesens and N. Ulusoy
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