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ABSTRACT

This work illustrates the synthesis of 2-azidobenzothiazoles from substituted 2-
aminobenzothiazoles using sodium nitrite and sodium azide under mild conditions. A
comprehensive in vitro investigation was conducted with the primary objective of assessing the
antibacterial effectiveness of 2-azidobenzothiazoles and the antibiofilm potential of the most
potent compound, 2-azido-6-nitrobenzothiazole, referred to as 2d. Overall eight compounds were
examined for their antibacterial activity against Gram (+) bacteria, Staphylococcus aureus
(ATCC 25923), Enterococcus faecalis (ATCC 51299), Bacillus cereus (ATCC 10876) and Gram
(-) bacteria, Escherichia coli (ATCC 10536), Pseudomonas aeruginosa (ATCC 10145),
Klebsiella pneumoniae (ATCC BAA-2146) and Clinical isolates of Gram (+) Methicillin
Resistant Staphylococcus aureus (MRSA) and Gram (-) Multi-Drug Resistant Escherichia coli
(MDRE). The MIC values by broth dilution method showed that compound 2d exhibited
significant antibacterial potential against Enterococcus faecalis and Staphylococcus aureus with
MIC of 8 pg/mL, while other synthesized compounds had only moderate effects against all the
tested bacteria. Notably, all the compounds were found to be active against the resistant strains
MRSA and MDRE at MIC 128 pg/mL. The MBC of compound 2d was equivalent to 16 pug/mL
for both FEnterococcus faecalis and Staphylococcus aureus. The kill kinetics analysis
demonstrated efficient concentration and time-dependent bactericidal activity of compound 2d
against Staphylococcus aureus and Enterococcus faecalis. Additionally, post-antibiotic effect
studies revealed a prolonged suppression of bacterial growth for 5.33 hours with Staphylococcus
aureus and 5.66 hours with Enterococcus faecalis irrespective of the concentration, even after
the removal of the compound. In the context of antibiofilm activity, compound 2d exhibited
remarkable biofilm inhibition potential against the tested Gram (+) bacteria, Staphylococcus
aureus, and Enterococcus faecalis, and significant inhibitory effects were observed at the MIC
for other tested bacteria. The biofilm inhibition percentage ranged from 30.82% to 70.04% from
the lowest to highest concentration of compound 2d, for Staphylococcus aureus and 44.54% to
73.04% for Enterococcus faecalis. Furthermore, biofilm eradication assays demonstrated up to
70% eradication of mature biofilms (formed at 24, 48, and 72 hours) of Staphylococcus aureus
and Enterococcus faecalis, highlighting the potential of compound 2d to disrupt and eliminate

established biofilms. The selective cytotoxicity of compound 2d towards bacterial cells was



evidenced by extended exposure of the HEK-293 cell line to higher concentrations of the
compound. It was demonstrated by the significant proportion of viable HEK-293 cells, indicating
a favorable safety profile for the compound 2d. After the comprehensive examination of the
synthesized compounds for their antibacterial efficacy, their potential as antioxidants was further
explored through the application of the DPPH method. The results of this assessment revealed a
noteworthy and robust antioxidant activity, underscoring the ability of synthesized compounds to
effectively scavenge free radicals and thus offering the potential for applications in oxidative
stress mitigation and related areas of study.

In addition to this, a novel class of antimycobacterial chemical structures, based on the
benzothiazole amide derivatives, has been synthesized. A total of twelve benzothiazole amide
derivatives with distinct structural variations were successfully synthesized and subsequently
assessed for in vitro testing against the Mycobacterium tuberculosis (MTB) H37Rv strain
(ATCC 27294) to evaluate their potential as anti-tubercular agents. All the synthesized
compounds were examined with the aid of FTIR, NMR, and mass spectral analysis. Notably, the
structures of selected compounds, namely 5a, 5g, and 51, were further verified through single-
crystal X-ray diffraction. This high-precision technique provided definitive evidence of their
molecular structures. All synthesized compounds displayed potential anti-mycobacterial activity
with MICs in the low range (1.6-25 pg/mL). The synthesized compounds were also subjected to
evaluation of toxicity profiles, binding interactions with target protein, and molecular dynamics
simulation. The compounds 5a, 5f, 5g, 5h, and 51 have shown significant docking scores i.e., -
8.0, -8.9, -9.1, -8.9, -8.8 kcal/mol respectively to interact with tuberculosis protein followed by
other compounds with the related targets of DprE1, Polyketide synthase, and Protein kinase B.
This implies that these compounds could serve as valuable scaffolds for the development of lead
compounds in the ongoing effort to combat tuberculosis infections. Their effectiveness against
Mycobacterium tuberculosis, combined with their low toxicity and strong binding interactions
with relevant proteins, make them promising candidates for further drug development. Moreover,
all the synthesized compounds were subjected to antioxidant activity assessment utilizing the
DPPH method, revealing that all compounds exhibited varying degrees of moderate to
substantial antioxidant activity.

Furthermore, a series of benzothiazole-based Schiff base ligands have been synthesized. The

significance of schiff bases in organic chemistry is crucial due to their antitumor, antiviral,

vi



antifungal, and antibacterial properties. Conventionally, Schiff base synthesis involves an
organic base catalyst like piperidine. However, the emergence of base-free organic compound
synthesis with heterogeneous catalysts has gained attention for its simplicity, high yield, and
catalyst reusability. This study reports a comparative investigation into the synthesis of novel
Schiff bases featuring indole components, utilizing piperidine as the organic base catalyst. Both
methods yielded products with high efficiency, comprehensively characterized through diverse
spectroscopic analyses. All the synthesized benzothiazole-indole based Schiff bases were
assessed for their antioxidant activity along with the antimycobacterial activity. Notably, all the
compounds exhibited robust antioxidant activity, emphasizing their potential as antioxidant
agents capable of combating oxidative stress. Compound 3b showed remarkable
antimycobacterial efficacy with MIC 1.6 pg/mL against the Mycobacterium Tuberculosis H37TRv
strain (ATCC 27294). This finding not only underscores the diverse biological activities of these
compounds but also positions compound 3b as a promising candidate for novel

antimycobacterial treatments, holding significant implications for pharmaceutical research.
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INTRODUCTION




1.1. Heterocyclic Compounds

Heterocyclic compounds, commonly referred to as heterocycles, are organic chemical
compounds characterized by a ring-like structure that incorporates one or more heteroatoms.
These heteroatoms include elements like nitrogen, oxygen, sulfur, and others. The general
structure of heterocycles resembles that of cyclic organic compounds comprised solely of carbon
atoms, the replacement of one or more carbon atoms with heteroatoms imparts unique
physicochemical properties to heterocycles, setting them apart from their all-carbon ring
counterparts. This distinctiveness makes heterocyclic compounds invaluable in various fields of
chemistry and industry. Heterocycles constitute a captivating and indispensable category of
organic compounds with profound implications across a wide spectrum of scientific disciplines.
The structural diversity and the unique properties conferred by heteroatoms make heterocycles a
versatile and intriguing field of study in chemistry. The significance of heterocycles extends to
the very foundation of life itself. In the realm of biochemistry, heterocycles are fundamental
components of the genetic code. The nitrogenous bases adenine and guanine, integral to DNA,
and uracil and cytosine, crucial in RNA, are heterocyclic compounds. These bases play an
irreplaceable role in the storage and transmission of genetic information, underlining the
indispensable nature of heterocycles in the continuity of life. Heterocycles are equally prominent
in the world of pharmacology and medicine. A substantial portion of drugs and pharmaceuticals
on the market contain heterocyclic motifs within their structures. The antimalarial drug quinine
and antibiotics like penicillin also feature heterocyclic components. Such drugs owe their
therapeutic efficacy to the specific properties conferred by heterocycles, emphasizing their
pivotal role in improving human health. Beyond biology and medicine, heterocyclic chemistry
extends its reach into materials science and technology. Researchers harness the versatility of
heterocyclic compounds in the design and development of innovative materials. These include
conducting polymers, which have applications in electronics and optoelectronics, and various
dyes and pigments with applications in textiles, paints, and inks. Heterocyclic compounds also
have a vital function in the synthesis of OLEDs, organic photovoltaics, and other cutting-edge
technologies. Heterocyclic chemistry is also the cornerstone of synthetic organic chemistry.
Researchers have developed a rich arsenal of synthetic methodologies for constructing a wide
array of heterocyclic structures. These methodologies have proven indispensable in the creation

of new pharmaceuticals, agrochemicals, and advanced materials [1-10].



In summary, heterocycles occupy a central and multifaceted role in the realm of organic
chemistry and extend their influence into biology, medicine, materials science, and technology.
Their unique structures, reactivity, and ubiquity in nature make them a captivating subject of
study, with profound implications for addressing some of the most pressing challenges in science
and innovation. Understanding the intricacies of heterocyclic compounds is not only a
cornerstone of organic chemistry but also a gateway to innovation across a broad spectrum of
scientific and technological disciplines.

1.2. Applications of Heterocyclic Compounds

Heterocycles play a pivotal role in numerous domains of science and technology because of the
variety of chemical properties and applications that they possess. In the realm of
pharmaceuticals, heterocyclic compounds are the backbone of countless drugs, from antibiotics
like penicillin to anti-cancer agents such as paclitaxel. Additionally, they are vital components in
agrochemicals, contributing to the development of pesticides and herbicides that safeguard crops.
Heterocycles also find utility in the realm of materials science, where they serve as building
blocks for polymers and conductive materials. Furthermore, in the field of organic electronics,
they are used to fabricate OLEDs and organic photovoltaic cells. In summary, the applications of
heterocycles are far-reaching, spanning pharmaceuticals, agriculture, materials science, and

electronics, and they continue to drive innovation across various industries.

1.2.1. Anticancer Activity

Heterocycles have emerged as promising anticancer agents. These compounds exhibit diverse
chemical structures and can target various molecular pathways involved in cancer progression.
Heterocyclic compounds, through their ability to interact with specific cellular components,
disrupt vital processes like DNA replication, protein synthesis, and cell signaling, ultimately
inhibiting cancer cell growth and proliferation. Researchers continue to explore and design novel
heterocyclic compounds with enhanced anticancer properties, offering hope for the development
of more effective and targeted cancer treatments in the future.

Liu et al. described the synthesis of phenanthroindolizidine 1 and phenanthroquinolizidine
alkaloids 2 as possible candidates for anticancer drugs. They demonstrated remarkable 1Cso
values, with phenanthroindolizidine 1 at 166 nM and phenanthroquinolizidine 2 at 2.1 nM. Most
of the synthesized compounds displayed strong anti-proliferative effects against BEL-7402 and

A549 cells. Notably, compound 2 exhibited the highest activity during the initial screening. A
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detailed analysis of the mechanisms involved demonstrated that compound 2 efficiently inhibited
cell growth and the formation of cell colonies by causing a slowdown in the progression of the S
phase, achieved by blocking the synthesis of DNA [11].

Thiazolyl derivatives 3 were examined for their antitumor activity against the hepatocarcinoma
cell line. Most of these were quite effective against tumor cells and few displayed exceptional
potencies. Analysis of aminothiazole derivatives after being screened for anticancer activity
revealed that the carboxylate derivative of aminothiazole 4 manifested remarkable activity.
Various alkylthiazole and alkylamine indazole derivatives 5 have been synthesized employing

regioselective cyclization of indazolyldithio carbamates and thioureidoindazoles [12].

R =EtOAc
n=2
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Wang et al. synthesized C-11 labeled fluorinated 2-arylbenzothiazoles 6 (Glso< 0.1 nM for
MCF-7 and MDA 468 breast cancer cell lines), which are employed in PET imaging of tyrosine
kinase in cancer. Fluorinated 2-arylbenzothiazoles are novel prospective anticancer medicines

that inhibit breast, lung, and colon cancer cell lines effectively and selectively [13].
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Scattolin et al. portrayed the synthesis and effectiveness of sulfenylated 2-phenylimidazo [1, 2-a]
pyridines 7-9 as promising candidates for cancer treatment. All compounds demonstrate
good/excellent activity against different human cancer cell lines i.e., HepG2 (liver), MDA MB
231 (breast), A549 (lung), SKMEL-28 (skin melanoma), Hela (cervical), U87MG
(glioblastoma), and DU-145 (prostate) by employing MTT assay [14].

N~ /\; :: :: E_ N /
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Fu et al. described the synthesis of 2-(4-hydroxy-3-methoxyphenyl)-benzothiazole. These
compounds effectively hinder the proliferation and invasiveness of breast cancer cells.
Additionally, compound 10 diminishes the ability to form cell clusters and it enhances the levels
of the carboxyl terminus of the Hsp70-interacting protein, leading to the inhibition of cancer-
promoting pathways. This ultimately lowers the ability of breast cancer cells to form tumors and

metastasize [15].
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1.2.2. Anti-inflammatory Activity
Heterocycles have demonstrated their potential as effective anti-inflammatory agents. These
compounds can modulate various inflammatory pathways in the body, offering a promising
approach to combat inflammatory conditions such as arthritis, asthma, and autoimmune
disorders. Heterocyclic compounds can inhibit key enzymes and signaling molecules involved in
the inflammatory response, thus reducing the production of inflammatory mediators. Their
diverse chemical structures provide a basis for designing drugs with specific anti-inflammatory
properties and minimal side effects. As researchers continue to explore the therapeutic potential
of heterocycles, they hold significant promise for the development of novel anti-inflammatory
treatments that can improve the quality of life for individuals suffering from chronic
inflammatory diseases.
Sondhi et al. synthesized 2-thiopyrimidine derivatives 11 and assessed for biological activity.
The compounds showed good analgesic (50%), anti-inflammatory (37.4%), and kinase (CDK-1;
ICs0: 0 uM, CDK-5; I1Cs0: >10 uM and GSK-3; ICs0: >10 uM) inhibitory activity [16].

S

NJ\NH

LK
11

Balkan et al. described the synthesis of some thiazolo [4, 5-d] pyrimidine-7 (6H)-one derivative
and investigated them for different biological activities. Compound 12 (EDso: 129 mg/kg)
demonstrated anti-inflammatory and analgesic properties similar to acetyl-salicylic acid while
compound 13 showed high anti-inflammatory activity (35%).
A series of formazylindoles were synthesized and evaluated for their effectiveness in reducing
inflammation induced by carrageenan in albino rats. The results demonstrated a notable
reduction in edema with a lower likelihood of causing ulcers, indicating their promising anti-
inflammatory properties. Friedel Crafts' acylation between benzoxazine derivatives and
substituted thiazoles afforded certain compounds that could act as possible cyclooxygenase-2
inhibitors. The inhibition activity was elucidated through chromogenic assay and one compound
of the series 12 showed potent inhibitory activity. A substituted thiazole ring attached to
quinazolines was synthesized by treating different isothiocyanates with amidines and screened

for anti-inflammation activity for acute inflammation. Two compounds of the series showed



prominent inhibition activity. Numerous polysubstituted thiazoles after being tested for their
anti-inflammatory activity demonstrated that compound 13 showed anti-inflammatory as well as

analgesic activity with a fast mode of action [17].
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Mochona et al. accomplished the synthesis of tetrahydro pyridine derivatives 14 & 15 with
substantial anti-inflammatory activity. The impact of substituents on pharmacological activity
was tested in male Sprague-Dawley rats using the carrageenan-induced paw edema experiment.
Analogs containing electron-donating substituents at positions 4 and 2 of the benzene moiety

displayed strong anti-inflammatory effects, similar to Indomethacin [18].
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Amir et al. synthesized 2-substituted aryl 1, 3, 4-oxadiazoles 16 and tested for anti-inflammatory
action (22.34% to 72.34%). Several synthesized compounds have anti-inflammatory properties
similar to the standard drug ibuprofen. Moreover, in comparison to the standard antibiotic
ofloxacin, all these compounds exhibit significant antibacterial effectiveness against S. aureus
and E. coli [19].
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Kumar et al. synthesized indole-functionalized oxadiazoles 17 as potent anti-inflammatory

agents. These derivatives were assessed to determine their anti-inflammatory and analgesic

effects, demonstrating properties similar to those of the reference drugs [20].



1.2.3. Antiviral Activity

Heterocycles have gained significant attention as potential antiviral agents. Their diverse
chemical structures enable them to target various phases of the viral life cycle. Heterocyclic
compounds have demonstrated the ability to inhibit key viral enzymes, disrupt viral protein
interactions, and interfere with viral genome replication. This versatility makes them valuable
candidates for the emergence of antiviral drugs against various types of viruses, including
influenza, HIV, hepatitis, and emerging viral threats. Ongoing research into heterocyclic
compounds holds promise for the creation of effective antiviral treatments and contributes to the
global effort to combat viral infections.

Schwarz et al. reported the synthesis of Kaempferol and Kaempferol glycosides as possible
candidates for 3a channel proteins of coronaviruses. The Kaempferol compound 18 with an ICso
value of 20 uM could be used to produce novel antiviral agents with increased bioavailability. In
particular, the glycosides of Kaempferol 19 & 20 with 1Cso values of 2.3 and 10 uM respectively
appear to be important candidates for exploration as anti-coronaviral drugs. The significance of
multi-target medicines is highlighted by the fact that they block the 3a channel, inhibiting virus

replication and obstructing other viral life cycle stages [21].

Araf: arabinofuranose
Rha: rhamnose




Hwa et al. explored some coumarin-based heterocyclic compounds 21 (CCso: 178, 117, and 144
uM respectively; ECso: 19.1, 10.2, and 17.2 uM respectively) & 22 (CCsp: 126 and 107 uM;
ECso: 58 and 19.0 pM) as the most potent inhibitors against the Chikungunya virus (CHIKV)
[22].

21

o
H;C
7 (0)
N7 S |
22 0 R'=H;2-NO,
o

Kaur et al. synthesized and tested quinoline derivatives 23 for antiviral activity. The synthesized

quinoline derivatives displayed remarkable antiviral activity [23].
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Kovaleva et al. synthesized N-heterocyclic hydrazine derivatives of camphor. Compound 24

showed the highest activity against the HIN1 influenza virus [24].
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1.2.4. Antibacterial Activity

Heterocycles garnered significant interest as potential antibacterial agents. Their diverse

chemical structures offer a wide range of possibilities for designing molecules that can target



bacterial pathogens. Heterocyclic compounds have demonstrated effectiveness in inhibiting
bacterial growth and disrupting essential cellular processes in various ways, including interfering
with DNA replication, inhibiting protein synthesis, and disrupting cell membrane integrity. As
antibiotic resistance becomes an increasingly pressing global health concern, the exploration of
heterocycles as antibacterial agents presents a promising avenue for the development of new and
innovative treatments to combat bacterial infections and address the evolving challenges of
antibiotic resistance.

El-Hashash et al. synthesized heterocyclic chalcone derivatives 25, 27, 28, and spiro
heterocycles 26 and evaluated them for antibacterial activity. Most of the synthesized
compounds show the strongest antibacterial efficacy against all the microorganisms tested with
the diameter of the zones equal to 1.1-1.2 cm (moderate activity; 55-65%) and 1.8-2.0 cm (high
activity; 85-100%) respectively [25].
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Bouzian et al. synthesized new quinoline compounds 29 and 30 and investigated their
antibacterial efficacy against E. coli, S. aureus, E. faecalis, and P. aeruginosa. These compounds
exhibited outstanding antibacterial effectiveness specifically against E. coli and S. aureus, with a
MIC of 6.25 pg/mL [26].
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Santosh et al. synthesized novel triazole-linked chalcone derivatives 31 & 32 and screened them
for antibacterial efficacy against B. subtilis, P. aeruginosa, S. aureus, and E. coli with MIC
values ranging between 44-79 and 63-82 mM respectively [27].
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Kritchenkov et al. synthesized novel chitosan derivatives 33 and tested them for antibacterial
activity. When compared to commercial antibiotics ampicillin and gentamicin, the synthesized
compound has a strong antibacterial activity [28].
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Burmeister et al. synthesized Ruthenium (II) N-heterocyclic carbene complexes as antibacterial
agents and bacterial thioredoxin reductase inhibitors. Compound 34 was the most potent against
S. aureus, having a MIC value of 19.5 uM [29].

Cl
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1.2.5. Anti-Alzheimer Activity

Heterocycles have shown promise in the realm of Alzheimer's disease research. These
compounds possess the potential to modulate various biochemical processes implicated in the
onset and progression of Alzheimer's. Heterocyclic compounds can interact with specific targets
in the brain, such as amyloid plaques and neurofibrillary tangles, which are hallmark features of
the disease. Through their ability to mitigate these pathological factors and possibly enhance
cognitive function, heterocycles represent a compelling avenue for the development of
innovative anti-Alzheimer's therapies, providing a ray of hope in the quest to combat this
devastating neurodegenerative disorder.

Abdalla et al. synthesized some pyrimidine and thiopyrimidine hybrids 35 & 36 with 1Cso values
of 4.10, 3.41, 3.28, and 9.51 nM respectively fused with steroidal structure and tested them
against Alzheimer’s disease. Most of these compounds have shown remarkable activity against

Alzheimer’s disease [30].
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Attaby et al. synthesized bipyridine derivatives 37 and assessed them for anti-Alzheimer activity.

Their relative efficacy as anti-Alzheimer drugs in comparison to Flurbiprofen is high enough,
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however, their relative potency reduced following their reactions to afford the equivalent
bipyridine-5-carbonitriles [31].

Gulcin et al. synthesized tris (2-pyridyl) phosphine (selenide) sulfide 39, 4-benzyl-6-(thiophene-
2- yl) pyrimidin-2-amine 40, and sulphur-containing pyrroles 38 as potent substances to block or
impede the progression of Alzheimer's disease. All the compounds showed ICso values in the
range of 13.51-26.55 nM against a-glycosidase, 0.54-31.22 nM against BchE, and 13.13-22.21
nM against AchE. As a result, nitrogen, phosphorus, selenium, and sulphur-containing
heterocyclic compounds exhibited significant inhibitory profiles against the identified metabolic
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enzymes [32].

39

Rastegari et al. synthesized derivatives of 1, 2, 3-triazole chromenone carboxamide, specifically
compound 41, which displayed robust inhibitory activity against acetylcholinesterase, boasting
an IC50 value of 1.80 puM. Moreover, this compound displayed effective neuroprotective
qualities by mitigating H2Oz-induced cell mortality in PC12 neurons. Additionally, it

demonstrated the ability to chelate metal ions, specifically Fe?*, Cu?*, and Zn?* [33].
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Attaby et al. synthesized 2-substituted thienopyridines and tested them against Alzheimer’s
disease. In general, the compounds with phenyl moiety 42 have shown high activity against
Alzheimer’s disease as compared to the compounds with phenyl-p-methoxy moiety 43. Also, the
potency of synthesized compounds as anti-Alzheimer agents relative to Flurbiprofen is high
enough [34].
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Latif et al. synthesized heterocyclic compounds derived from benzimidazole-2-thiol and
investigated their in vitro anticholinesterase potential. They conducted assessments on AchE and
BchE enzymes across various concentrations, spanning from 62.5 to 1000 pg/mL. Remarkably,
two of the synthesized compounds, specifically compound 44 and compound 45, displayed
substantial efficacy against the enzymes under examination. Compound 44, in particular,
exhibited dual inhibitory effects, with 1Cso values of 121.2 uM for AchE and 38.3 uM for BchE,
respectively [35].
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1.2.6. Antidiabetic Activity

Heterocycles have surfaced as potential contenders for the creation of medications to combat
diabetes. These compounds display a broad spectrum of pharmacological effects that can be
harnessed to address diabetes and its complications. Heterocyclic compounds have been shown
to influence insulin signaling, improve glucose metabolism, and reduce insulin resistance.
Additionally, some heterocyclic compounds possess antioxidant properties, which can mitigate
oxidative stress often associated with diabetes. As researchers delve deeper into the potential of
heterocycles, they offer hope for innovative and more effective treatments to manage diabetes
and its associated complications, providing better options for individuals affected by this
prevalent metabolic disorder.

Prabhat et al. developed the synthesis of benzothiazoles and explored their antidiabetic activity.
In diabetic rats, the synthesized compound 46 caused a greater drop in blood glucose than the
other compounds. The estimated LD50 values for the compounds that were synthesized fell
within the range of 100 to 1000 mg/kg [36].

(0] 1
N\>_§_(I%_132_N/R -NR!R? = diethanolamino; morpholino;
Cl S \Rz," piperidino; 4-sulfanilido

Nabil et al. synthesized curcumin-based heterocyclic compounds 47 & 48 with 1Cso values of
200.2 and 95.5 uM respectively as potent antidiabetic agents. The authors revealed that pyranone

and pyrimidinone derivatives of curcumin exhibit high potential against diabetics [37].

Dalavai et al. synthesized quinolinyl amino nitriles and evaluated them for different biological
properties. Compounds 49 & 50 demonstrated promising antidiabetic activity with an 1Cso value
of 100 pg/mL [38].
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Toumi et al. synthesized rhodanine-fused spirooxindole pyrrolidine hybrids 51 with 1Cso values
of 1.4940.10, 1.50+0.07, and 1.57+0.10 uM=£SD respectively & 52 with 1Cso value of 1.59+0.08
uM=SD as new a-amylase inhibitors. The majority of the synthesized compounds demonstrated

high a-amylase inhibition [39].

1.2.7. Antifungal Activity

Heterocycles have proven to be valuable candidates as anti-fungal agents. Fungal infections pose
a significant health threat, and the rise of antifungal resistance has underscored the need for
novel treatment options. Heterocyclic compounds exhibit a wide spectrum of antifungal
activities, with mechanisms that target crucial fungal cellular processes. These compounds can
disrupt fungal cell membranes, inhibit key enzymes involved in fungal growth, and interfere with
nucleic acid synthesis, ultimately preventing fungal proliferation and survival. As researchers
continue to explore the vast chemical diversity of heterocycles, they hold great promise for the
development of more effective and targeted antifungal therapies to combat a broad range of
fungal infections, from common skin conditions to life-threatening systemic diseases. As the
number of fungus infections rises, so does the need for the anti-fungal medicine Ampho B 53,

which is often used to treat fungal infections [40].
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Tighadouini et al. synthesized p-keto-enol pyridine and furan hybrids and examined their
antifungal activity against B. subtilis, M. luteus, and F. oxysporum. Compound 54 with an ICsg
value of 12.83 ug/mL manifested excellent antifungal efficacy against the tested fungal strains
[41].

N OC,Hj4
P
N X
54 O OH

Morcoss et al. pioneered the synthesis of benzimidazole derivatives 55 as potent antifungal
agents targeting C. neoformans var. grubii and C. albicans, demonstrating MIC values spanning
from 4 to 16 pg/mL [42].
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R!' =H; 4-Cl; 2,4-Cl
Zhao et al. synthesized heterocyclic derivatives 56 and 57, investigating their antifungal potential

T—

against C. neoformans, and C. albicans A. fumigatus, revealing MIC values of 0.5, 0.0625, and 4

pg/mL, respectively [43].
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Mi et al. developed the synthesis of chitosan derivatives 58 that incorporate heterocyclic

components, exhibiting notable antifungal potency. They evaluated their in vitro antifungal
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effectiveness against pathogenic fungi from two plant species, Colletotrichum lagenarium and
Phomopsis asparagi, utilizing the plate growth rate method [44].
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1.2.8. Heterocycles as Agrochemicals

Heterocycles have arisen as one of the prominent agents for crop protection. Cutting-edge
development in the synthesis and design of agrochemicals has formed the backbone of the
agrochemical industry. More than 70% of the already introduced agrochemicals possess
heterocyclic scaffolds primarily containing one or more nitrogen atoms. State-of-the-art organic
chemistry used to manufacture advanced crop protection chemicals includes the production of
three commercially available fungicides, boscalid, fludioxonil, and benomyl. Crop protection
chemistry has occupied an important domain in organic chemistry as structure-based designs are
needed to achieve the required targets. Pinoxaden is a new herbicide used to reduce the growth
of grass weeds in cereals. Similarly, the nitrogen-containing fungicide Bixafen shows significant
activity against a broad spectrum of cereal diseases. Another commonly used insecticide is a
nitrogen heterocycle called Indoxacarb 59, which is effective against Lepidoptera in fruits,
vegetables, and cotton. a) Pinoxaden b) Bixafen c) Indoxacarb.

The structure-based design has been an emerging discipline within crop protection research. The
likelihood of finding better analogs has increased by incorporating virtual screening methods.
Nitrogen heterocycles form prominent scaffolds in this regard. A potential library of such
herbicides can be generated, keeping the core structure the same and altering the attached linkers.
Structural optimization of certain basic nitrogen heterocycles has led to the discovery of various
novel heterocycles. For example, using heterocyclic herbicides like flupropacil and imadapyracil
as a template led to the discovery of triazoylpyridines possessing fungicidal activity from the

former, and phenylpyridadinones were selected as leads from the latter. Better analogs were
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synthesized after replacing the 1, 3, 5-triazine nucleus with a pyrimidine nucleus, considering the
structural similarity and the characteristics of known bleaching herbicides. A distinct class of
fungicides has arisen due to speculative chemistry that attempted to introduce the carboxylic
group into the pyridine nucleus. N-butylated pyridines have also shown dominant fungicidal
properties. This compound became a lead in synthesizing many potent fungicides that have
shown better results and a broad fungicidal spectrum. This led to the discovery of the fact that
the 2, 6-disubstituted pyridine ring is one of the major structures that possess fungicidal activity.
Dramatically enhanced fungicidal activity has been reported in derivatives comprising a 1, 2, 4-
triazole ring attached to the pyridine ring. SAR studies reveal that a striking change in the
activity can be observed by replacing the pyrimidine ring with a pyridine ring. Finally, pyridinyl
pyrimidine derivatives were selected as promising candidates for pre-commercialization.
Moreover, introducing certain groups like the trifluoromethyl group at position 6 of the
pyrimidindione ring significantly added to its herbicidal activity. Upon structural optimization of
flupropacil, the herbicidal activity was noticed while changing the heterocyclic ring, the phenyl
ring, or the substituents, and it was revealed that the 2, 4, 5-trisubstituted phenyl ring would lead
to optimum activity. Nitrogen heterocycles have also proved beneficial in controlling undesired
vegetation, unchecked growth of weeds, a significant reduction in productivity, etc. The
invention of certain heteroaryl azoles and their N-oxides is noteworthy. Certain heterocyclic
compounds like azines or azoles bearing trifluoromethoxy group show remarkable biological
activity and are used as proinsecticides, growth regulators, and herbicides. In this context, 2-
amino-5-trifluromethoxy benzothiazole and thiazolo-5- carboxylic acid are known for their
fungicidal property. 2-thiohydantoins are also being utilized in the synthesis of various
fungicides and herbicides. The incorporation of the trifluoromethoxy group further enhances its
activity in the structure. The group also showed a similar effect on being linked to pyrimidines
and quinolines. Certain azoles are also responsible for enhancing the resistance of plants toward
various abiotic factors. The fungicidal action of various azoles like prothioconazole and
tebuconazole is very well known and is based on sterol biosynthesis inhibition. These stress-
tolerating effects are expected to give a linear correlation of stunting or growth regulatory action.
In oilseed, it has been observed that a combination of certain azoles with abscisic acid increases
the plant resistance against certain abiotic factors that result in abnormal stunting of plants. It has

been revealed that fertilizers that usually counteract abiotic stress conditions like osmotic stress,
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water-logging, drought, cold temperature, heat exposure, salinity, increased exposure to
minerals, etc., are mostly nitrogen-bearing heterocycles. In this regard, mention should be made
of NPK fertilizers that are highly commercialized. Insecticidal compounds of general formula
60; Where A represents a 6/5 membered heteroaryl group comprising one or more heteroatoms
selected from N, O, or S. Y represents a three-membered straight chain with at least one of the
three members being CH2-, O, S or N-R’ where R’ represents the group 61; Where R represents
hydrogen or halogen atom, X represents CH or N, R represents a methyl group or hydrogen
atom, and Y represents nitro or cyano group. The bioefficacy of sulfanyl derivatives of
thiadiazoles was evaluated against two phytopathogenic fungi, Rhizoctonia solani, and
Rhizoctonia bataticola. The most effective compounds among these were nano-sized to further
enhance their fungicidal activity. The nano-forms of 1, 3, 4-thiadiazole derivatives were
characterized via electron microscopy and a particle size analyzer. The nano-forms showed 2-3
times higher fungicidal activity than the corresponding conventional-sized 1, 3, 4-thiadiazole
derivatives. Nano sizing of potent thiadiazoles thus enhanced the bioactivity of those
heterocycles more than the generally used compounds. Certain novel heterocycles have shown
predominant insecticidal activity. Aryl alkyl imidazole 62 shows prominent insecticidal activity

against cotton aphids [45].
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1.2.9. Heterocycles as Dyes
Heterocycles Heterocyclic compounds have found widespread use in the field of dyes and

pigments due to their diverse chemical structures, vibrant colors, and tunable properties. These
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compounds serve as the building blocks for a vast array of dyes used in textiles, paints, inks, and
other applications. One common example is the class of azo dyes, which often contain
heterocyclic rings as key components. Azo dyes are known for their bright and intense colors,
making them popular choices for coloring textiles and other materials. Pyrazolones and
pyridones, both heterocyclic compounds, are frequently used as intermediates in the synthesis of
azo dyes. Another group of heterocyclic dyes includes the anthraquinone dyes, which are
characterized by their deep and stable colors. Anthraquinone itself contains a heterocyclic ring
and serves as a precursor for various blue, red, and violet dyes used in the textile and printing
industries. Heterocyclic compounds also contribute to the development of organic pigments with
excellent light fastness and colorfastness properties. Examples include phthalocyanine pigments,
which are used in a diverse array of uses, including inkjet inks, paints, and plastics. In addition to
this, other heterocycles like Imidazole-containing hetero-system, six-membered heterocyclic
rings containing nitrogen, and pyrazine ring (a convenient moiety for functionally diverse
chromophores) are also known for their significant dye-inducing ability. Thermal isomerization
kinetics has been reported in neutral azo dyes like those in benzothiazoles. These green light-
activable molecules have become promising building blocks for molecular switches [46].

Overall, the versatility of heterocyclic compounds allows for the creation of a broad spectrum of
dyes and pigments with diverse colors and performance characteristics, making them

indispensable in the world of coloration and visual aesthetics 63-65.

1.2.10. Heterocycles as Corrosion Inhibitors
Heterocycles also find significant applications as corrosion inhibitors in the realm of materials
protection and corrosion control. Heterocyclic compounds, particularly those containing

nitrogen, sulfur, or oxygen atoms within their ring structures, exhibit remarkable corrosion
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inhibition properties. These heterocyclic compounds function as protective shields on the metal
surface, creating a thin layer that hinders the electrochemical processes responsible for corrosion.
Examples of heterocyclic corrosion inhibitors include imidazoles, triazoles, thiazoles, and
pyridines, among others. These compounds are often added to coatings, paints, or corrosion-
resistant fluids to enhance the longevity and performance of metal structures and components.
The versatility of heterocyclic corrosion inhibitors lies in their ability to tailor their chemical
structure to specific corrosion environments and metal types, making them valuable tools in
mitigating the economic and safety challenges posed by corrosion in various industrial settings.
Their application extends to pipelines, storage tanks, aircraft, and numerous other critical
infrastructure components, ensuring the protection and durability of materials in diverse and
corrosive conditions.

Iron and its alloys are essential and are being used extensively in industries. As such, it becomes
mandatory to identify materials for their corrosion inhibition. Corrosion inhibitors ensure that
there is no/less metal dissolution. In this context, it has been noticed that heterocyclic compounds
containing electronegative functional groups and conjugated m-electron systems display strong
inhibitory properties. There is also a peculiar interaction between the metal surface and
functional groups that contain heteroatoms like nitrogen, oxygen, and sulphur. Nitrogen
heterocycles, particularly pyrazine and quinoxaline derivatives, are common corrosion inhibitors
mainly due to the presence of two or more nitrogen atoms that facilitate electrophilic attack.
Many quinoxalines derivatives are currently being explored for their significant corrosion
inhibition activity against copper and steel in an acidic medium. Similarly, pyrazines are a
component of certain polycyclic compounds of industrial and biomedical importance. All its
compounds can act as bridging ligands and have a characteristic low-lying unoccupied z-
molecular orbital. Due to this, pyrazines have been preferably investigated as corrosion inhibitors
in different acidic mediums. Pyrazines and their derivatives have different inhibition activities
depending on the nature of metal-heteroatom interactions of any specific metal in an acidic
solution. Recently, molecular simulation studies have revealed the mechanism of corrosion
inhibition via the interaction of molecules with the surface atoms of the metal. Electrochemical
Impedance spectroscopy gives a detailed analysis of the kinetics of surface properties and
electrode processes. Augmentin, also a nitrogen heterocycle showed maximum inhibition

efficiency of 93.6% at 300 ppm and acted as a mixed-type inhibitor. Lansoprazole and
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Esomeprazole showed prominent corrosion inhibition properties for copper in 1M HNOs3
revealed by using Tafel polarization, electrochemical impedance spectroscopy, scanning electron
microscopy, and weight loss techniques. Amlodipine Besylate exhibits corrosion inhibition
activity that increases with an increase in concentration. Benzothiazole shows corrosion
inhibition efficiency on stainless steel in 3M H2SO4 after being analyzed via various techniques
like potentiodynamic polarization, optical microscopy, IR spectroscopy, etc. Results revealed
effective corrosion inhibition and significant chemisorption. Cephapirin serves as a corrosion
inhibitor for carbon steel in HCI and demonstrates effective mixed-type inhibition behavior.
Another Nitrogen heterocycle employed for corrosion inhibition is Clopidogrel, and the
efficiency reached 80-90% 66-74 [47-50].
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1.2.11. Heterocycles as Antioxidants

Heterocycles play a crucial role in the realm of antioxidants, where their unique chemical
structures and properties contribute to their effectiveness in combating oxidative stress. These
compounds, characterized by the presence of at least one non-carbon atom within a ring
structure, exhibit diverse antioxidant activities. For instance, certain heterocyclic compounds like
flavonoids, which contain oxygen heteroatoms in their ring structures, are known for their ability
to scavenge free radicals and prevent cellular damage caused by oxidative stress. Similarly,
nitrogen-containing heterocycles such as quinolines and pyridines possess redox-active
properties, making them potent antioxidants that can intercept harmful reactive oxygen species
(ROS) and inhibit lipid peroxidation. The versatile nature of heterocycles, combined with their
capacity to modulate redox processes, underscores their significance in the development of novel
antioxidants with potential applications in various fields, including pharmaceuticals and food
science.

Thiazole and thiophene derivative 75 obtained from acetyl coumarin and thiazolines via
cyclization of various thiosemicarbazones 76 were assessed for their antioxidant activity. All
those compounds exhibited remarkable radical scavenging activity. Thiazolidinone derivatives of
1,3-thiazole and 1,3,4-thiadiazole 77 via in vitro tests, like DPPH and TBARS, demonstrated

good results, constituting a potential class of candidates for drug development [51].
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A series of sulfanyl derivatives of thiazoles were designed and studied for their antioxidant

properties by determining their effect on the formation of superoxide anion. Studies revealed
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chlorobenzyl derivative 78 as the most potent superoxide ion scavenger. A novel series of urea,
selenourea, and thiourea derivatives with thiazole moiety 79 were characterized and screened for
their antioxidant activity using various radical scavenging methods. A preliminary examination
of the structure-activity relationship showed that these compounds exhibited potent anti-
oxidizing ability, making this class of compounds worthy of further investigation [52].
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Various spiro and oxo-hydrazone derivatives of imidazole 80 and 81 have been synthesized and
evaluated for antioxidant activity. All the compounds have a similar scaffold and were evaluated
by different methods, like FRAP, Anti-LPO, ABTS radical scavenging, etc. A structure-activity
relationship analysis was performed, and a relationship between the biological, physicochemical,
and medicinal properties of the derived compounds was analyzed. In addition to this, the
pharmacokinetics of these compounds suggest that their nature complies with the drugs already
used as antioxidants. The findings explained that the oxohydrazone and spirothiazolidine
derivatives of thiazole could be promising candidates for further structural modifications to
obtain more potent antioxidant agents [53].
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1.3. Conclusion

Heterocyclic compounds represent a crucial category of organic molecules in the field of
medicinal chemistry, serving as medications for diverse diseases. The remarkable achievements
underscore the broad spectrum of therapeutic applications associated with these compounds.
Their significance lies in being versatile targets for synthesis and pivotal structural elements in
both organic synthesis and medicinal chemistry due to their compelling biological activities. The
pharmaceutical community has shown significant interest in the multifaceted applications of
heterocycles, including their potential as anticancer, anti-inflammatory, antifungal, antibacterial,
anti-Alzheimer, antiviral, antidiabetic agents, and more. Notably, an increasing array of
heterocycles is being recognized as potential drug candidates in ongoing drug development

endeavors.
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2.1. Introduction

Benzothiazoles constitute a group of heterocyclic compounds that have garnered significant
attention in the fields of chemistry, pharmaceuticals, and materials science due to their diverse
chemical properties and versatile applications. The unique structural arrangement of the
benzothiazole compound imparts distinctive chemical reactivity and a range of beneficial
properties to benzothiazoles. Benzothiazoles have a significant role in the synthesis of a diverse
array of biologically active compounds, drugs, and agricultural chemicals. They are a key
component in several drug classes, including antibiotics, anti-cancer agents, anti-inflammatory
drugs, and antioxidants owing to their ability to modulate biological processes. Additionally,
benzothiazole derivatives have shown promise in treating neurological disorders, making them
crucial in the realm of neuropharmacology. In materials science, benzothiazoles are utilized as
additives in rubber manufacturing to enhance the durability and resilience of tires. They also
serve as fluorescent dyes, contributing to the development of optoelectronic devices like OLEDs.
Furthermore, benzothiazoles have applications in analytical chemistry as indicators for metal ion
detection and quantification. Their versatile chemistry allows for the creation of tailored
molecules with specific properties, making them indispensable in various scientific and industrial
endeavors. In essence, benzothiazoles represent a fascinating class of compounds with
multifaceted roles and continue to play a pivotal part in advancing our understanding and
application of organic chemistry. A variety of synthetic pathways have been accomplished for
the formation of benzothiazole derivatives. The primary method extensively employed for
producing benzothiazole compounds consists of combining 2-aminobenzenethiol with cyano or
carbonyl compounds through condensation. Riadi et al. discovered that the condensation reaction
of 2-aminobenzenethiol with aromatic aldehydes in toluene under reflux conditions may be
employed to synthesize benzothiazoles. A copper-catalyzed method has been reported to achieve
2-substituted benzothiazoles through condensation of benzo-thiols and nitriles. In addition,
several researchers have discovered that the preparation of benzothiazoles can also be achieved
from aniline when it reacts with compounds like carbon disulfide, piperidine, and isothiocyanate.
However, there are various disadvantages associated with these traditional methods like low
yield, weak selectivity, extreme response conditions, or toxic reagents. On the contrary, green

chemistry advocates using techniques that limit or avoid the usage and processing of raw
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materials or by-products that can harm ecological balance. Primarily, in the past decade,

numerous eco-friendly methods have been designed to afford benzothiazoles [1-10].

2.2. Synthetic Routes to Benzothiazoles

2.2.1. Cyclization Methods

Liu et al. developed a process catalyzed by DBN for synthesizing benzothiazoles through a
cyclization reaction involving 2-aminothiophenols 1 and CO; 2, in the presence of diethylsilane
3. Many benzothiazole derivatives 4 were afforded excellent yields (Scheme-2.1). This study
showcases the essential contribution of hydrosilane in the synthesis of benzothiazoles, effectively
preventing the formation of unwanted by-products like benzothiazolones. This method gives an
eco-friendly path for synthesizing benzothiazoles and their derivatives [11]. Furthermore, Gao et
al. produced a series of benzothiazoles using a high-yield catalyst like an ionic liquid based on
acetate to cyclized 2-aminobenzenethiol molecules 6 with CO; 7 in the presence of hydrosilane 8
(Scheme-2.2). Regarding the different catalysts, reaction pressure, and temperature, the authors
also examined this reaction under various conditions. The excellent results were achieved by
conducting the reaction with [Bmim] [OAc] at 60 °C. In addition, [Bmim] [OAc] was found to
be eco-friendly and the yield of benzothiazole remained nearly constant after the ionic liquid was
used for five consecutive iterations. This may potentially mark the inaugural approach for
producing benzothiazoles without the need for metals, under mild conditions, utilizing CO, as a
starting material [12]. Chun et al. developed the reaction of 2-aminobenzenethiols 11 with CO,
12 and phenylsilane 13 in the presence of DBU to synthesize benzothiazoles 14 in excellent
yields (Scheme-2.3). There was a comprehensive substrate spectrum and functional group
resistance for this reaction. Additionally, the initial catalyst salt could be recovered and
employed repeatedly without experiencing any decrease in its effectiveness [13]. Folgueiras et
al. discovered that a flow electrochemical reactor can be utilized for the synthesis of
benzothiazoles 17 without the need for supporting electrolytes or catalysts, resulting in moderate
to good yields and high current performance using arylthioamides 16 (Scheme-2.4). The simple
scale-up of the reaction significantly enhanced the recorded methodologies for the production of
benzothiazoles in this process [14]. Bouchet et al. efficiently synthesized benzothiazoles 19 with
moderate to good yields from thiobenzanilides 18 by utilizing potassium peroxydisulfate as an

oxidizing agent and riboflavin as a photosensitizer, the reaction was catalyzed under visible-light
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exposure through a cyclization process (Scheme-2.5). Riboflavin is a cheap natural reagent as a
photocatalyst that demonstrates substantial facilities over transition-metal catalysis. Moreover,
many functional groups were approved by the present technique, and the desired productions
were made [15]. Rey et al. stated that the preparation of 2-substituted benzothiazoles 21 was
done effectively via cyclization of thioformanilides 20 in the presence of toluene and 1, 2-
dichloroethane at 83.5 °C induced by chloranil under irradiation (Scheme-2.6). The main step in
the mechanism was the abstraction of hydrogen from thiobenzamide by triplet chloranil. The
procedure is simple and provides readily isolated products from low to high yield [16]. Bose et
al. have established a sustainable, effective, and expeditious methodology for the development of
benzothiazoles 23 from sulfamide substrates 22 via cyclization reaction. The reaction took place
under ambient temperature conditions, employing DMP as the catalyst and DCM as a solvent
(Scheme-2.7). The mechanism discloses that the reaction attains significant yields by following a
path involving thiyl radicals to generate the novel oxybis benzothiazole compound. This process
is also adaptable for generating diverse sets of heterocycles through solid-phase synthesis. This
approach offers the advantage of brief reaction time, high activity, high yield, mild reaction
conditions, and so on [17]. Downer et al. introduced a general method for transforming
thiobenzamides 24 into benzothiazoles 25 through the formation of active intermediates like aryl
radical cations (Scheme-2.8). The use of CAN in aqueous acetonitrile or PIFA in
trifluoroethanol was utilized in this process to facilitate cyclization at ambient temperature within
30 minutes in moderate yields [18]. Xu et al. accomplished a simple methodology for
synthesizing benzothiazole derivatives 27 with good yields through the intramolecular C-S bond
formation of aromatic substrates. This reaction was accomplished by initiating the cyclization of
thioamide derivatives 26 using visible light and TEMPO (Scheme-2.9). Notably, this
photochemical cyclization requires no additional photosensitizer, base, or metal catalyst [19].
Cheng et al. documented a method that utilizes visible light in the presence of oxygen to prepare
benzothiazoles 29 from thioanilides 28, either through the formation of C-S or C-H bonds
(Scheme-2.10). The functional group affinity of the present technique was tested and the
outcome revealed that several functional groups could be tolerated by this process. This method
is complementary to the current procedures for synthesizing benzothiazoles by providing

outstanding selectivity, excellent efficiency, and an environmentally friendly character.
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Furthermore, the process employs cheap, easily accessible molecular oxygen as the terminal
oxidant [20].

Feng et al. examined the metal-free, base-promoted preparation of 2-substituted (N, C, O)
benzothiazoles 31 from substituted thioamides/carbamothioates/thioureas 30 via intramolecular
cyclization involving the coupling of C-S bond in the presence of dioxane (Scheme-2.11). Under
these conditions, a wide range of functional groups was allowed, and desired products were
achieved in high yields. This approach has some benefits of transition metal-free, moderate
reaction conditions, shorter reaction time, and broad scope of applications [21]. Wang et al.
studied an effective and transition metal-catalyzed preparation of benzothiazole derivatives using
Na,S,03 as the oxidant in DMSO with the addition of pyridine at 80 °C and FeCl; as the catalyst
(Scheme-2.12). Preliminary mechanistic experiments demonstrated that the desired products
were highly selective and achieved high yields. The proposed reaction mechanism showed that
the thioyl radical formation was done when Fe (III) oxidized the N-phenyl benzothioamide,
while Fe (IIT) was reduced to Fe (II).Compounds 33, 35, and 37 were obtained by first forming a
thioyl radical intermediate through cyclization, which was then oxidized using Na,S,0g [22].
Luo et al. described a method wherein 2-chloromethyl benzothiazole 40 was synthesized via a
condensation reaction under microwave irradiation. In this process, 2-aminothiophenol 38 and
chloroacetyl chloride 39 were employed with the addition of acetic acid (Scheme-2.13). Notably,
the microwave-assisted technique demonstrated effectiveness, environmental friendliness, and
superior efficiency in terms of both yield and reaction time compared to conventional methods
[23]. Racane et al. suggested that nitro-substituted 2-aminothiophenol 41 could undergo
condensation with 4-nitrobenzoylchloride 42 in the presence of acetic acid for about 4 hours
under reflux conditions to effectively synthesize nitro-amidino benzothiazoles 43 (Scheme-
2.14). The desired products were prepared by pinner reaction with the use of target compounds
as the starting materials [24]. Dar et al. explored the one-pot synthesis of S-aryl/alkyl
benzothiazole-2-carbothioate derivatives 47 from the reaction between oxalyl chloride 45, thiols
46, and 2-aminothiophenol 44 accompanied by TBAI (Scheme-2.15). The existing methodology
advocates the preparation of benzothiazoles in excellent yield with an extensive variety of
substrates through the formation of C-S and C-N bonds simultaneously. This method provides
benefits such as mild reaction conditions and high efficacy [25]. Nadaf et al. reported an

appropriate reaction media and promoters, [Hbim]BF4 and [bbim]BF;, ionic liquids to synthesize
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2-aryl benzothiazoles 50 via condensation of aromatic acid chloride compounds 49 with 2-
aminobenzenethiol 48 under moderate reaction conditions 48 (Scheme-2.16). In the study, a
variety of recently produced ionic liquids were synthesized and assessed for their suitability in
these reactions. The ambient reaction conditions, recyclability of non-volatile ionic liquids, and
the absence of catalysts make an eco-friendly methodology susceptible to scale-up [26]. Kumar
et al. reported a solvent-free and efficient methodology to synthesize a library of benzothiazole
derivatives 53 through condensation of ortho-aminothiophenol 51 with acyl chlorides 52
accompanied by a catalytic amount of silica-supported NaHSO,4 (Scheme-2.17). The preparation
of catalyst NaHSO,-Si0O; could be done easily from silica gel and NaHSOj, these are non-toxic
and inexpensive. In addition, simple filtration could easily remove the catalyst due to the
heterogeneous nature of the reaction. Some of the benefits of the present protocol are a quick
work process, easy availability, high yield, reusability, and the use of environmentally benign
catalysts [27]. Wu ef al. described the preparation of novel benzothiazoles (Scheme-2.18). In this
study, zinc salt of 4-amino-3-mercaptobenzoic acid 54 was deferred at 80 °C for 2 hours in
pyridine with p-nitro benzoyl chloride 55 and upon treatment with thionyl chloride (SOCl,), 2-
(4’ -nitrophenyl)-benzothiazole-6-carbonyl chloride 56 was achieved successfully. Meanwhile,
dibenzothiazole-containing compounds 59 were afforded by the addition of S5-substituted
aminothiophenol 58 and heating to reflux for about 3 hours [28]. Loukrakpam et al. explored a
one-pot synthesis of benzothiazoles under metal-free conditions. The reaction proceeded with the
treatment of aryl methyl ketones 60 with 2-aminothiophenol 61 (Scheme-2.19). Preliminary
mechanistic studies revealed that aromatic ketones initially react with TsNBr, in DMSO.
Moreover, the condensation of 2-aminothiophenol with the crude reaction mixture, followed by
Michael addition and oxidative dehydrogenation sequence gives 2-acylbenzothiazoles 62 [29].
Liao et al. presented an effective synthesis of 2-arylbenzothiazoles 65 under conditions that were
free of both I, and metal catalysts. This synthesis involved combining 2-aminobenzenethiols 63
with aryl ketones 64, utilizing molecular oxygen as the oxidizing agent (Scheme-2.20). Various
solvents were employed to conduct a comparative examination. However, in terms of yield,
DMSO/chlorobenzene has been proven as the most suitable solvent mixture. In addition, this
strategy of benzothiazoles under I, and metal-free conditions and also benzothiazoles had very

good functional group universality which demonstrated that raw materials substituted for methyl,
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nitro, chlorine, methoxy, bromine, and fluorine can be favorably transformed into a product of
the analogous substituent [30].

Mayo et al. achieved the high-yield preparation of a library of 2-substituted benzothiazoles 68
without the need for metals, radiation, or oxidants. The reaction was accomplished by combining
2-aminobenzenethiols 66 and f-diketones 67 with toluenesulfonic acid as the catalyst (Scheme-
2.21). The authors attempted various acids, for instance, trifluoroacetic acid (CF;COOH), acetic
acid, and benzoic acid (PhCOOH) to test the optimal catalytic system (CH;COOH). However, in
terms of yield, TsOH-H,O was selected as the best catalyst. The mechanism elucidated that the
reaction between 2-aminothiophenol and p-diketones, catalyzed by the Bronsted acid
(TsOH+H,0), would take place, resulting in the formation of a ketimine intermediate through a
condensation process. The intramolecular nucleophilic addition reaction would eventually take
place, subsequently, a C-C bond cleavage occurs to yield the intended product. The benefits of
this method include simple experimental steps, moderate reaction conditions, raw materials that
are simple and readily available, strong universality of the substratum, and so on, and a good
prospect of use [31]. Elderfield et al. synthesized 2, 2-disubstituted benzothiazolines 71 via
condensation of 2-aminobenzenethiols 69 with ketones 70 (Scheme-2.22). Notably, pyrolysis of
benzothiazoline leads to the formation of 2-substituted benzothiazole, and when exposed to

reflux conditions, it releases hydrocarbons [32].

NH, N
DBN, NMP
1 Et,SiH. - » R! » + H,0
R @SH tCO RS e Ts0ec A, R ‘@:Q 2

1 2 3 4 5

R! = 5-CHj; 5-OCHj; 5-NO,; 5-Br; 4-Cl

Scheme-2.1: DBN catalyzed preparation of benzothiazoles from 2-aminothiophenols.

NH, [Bmim]OAc N
! CO, + (EtO);SiH » R Y + HO
R‘@ + €O+ (BO)SH e 0 °C. 241 ©:s>

SH
6 7 8 9 10

R' = CH;; OCH;; OC,Hs; NO,; F; CI; Br

Scheme-2.2: Preparation of benzothiazoles from 2-aminothiophenol in the presence of
hydrosilane.
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Scheme-2.3: Conversion of 2-aminobenzenethiols to benzothiazoles in the presence of DBU.
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Scheme-2.4: Catalyst-free synthesis of benzothiazoles.
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Scheme-2.5: Preparation of benzothiazoles from thiobenzanilides under visible light.
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Scheme-2.6: Radical cyclization of thioformanilides.
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Scheme-2.7: Synthesis of benzothiazoles from sulfamide substrates.
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Scheme-2.8: Conversion of thiobenzamides to benzothiazoles at room temperature.
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Scheme-2.9: Conversion of thioamide derivatives to benzothiazoles.
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Scheme-2.10: Conversion of thioanilides to benzothiazoles.
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Scheme-2.12: Synthesis of benzothiazoles employing transition-metal catalysts.
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Scheme-2.13: Synthesis of benzothiazoles under microwave conditions.
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Scheme-2.14: Conversion of nitro-substituted 2-aminothiophenol to benzothiazoles.
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Scheme-2.15: Reaction of 2-aminothiophenol, thiols, and oxalyl chloride.
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Scheme-2.16: Conversion of 2-aminobenzenethiol to 2-aryl benzothiazoles.
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Scheme-2.17: Solvent-free synthesis of benzothiazoles.
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Scheme-2.18: Synthesis of 2-(4"-nitrophenyl)-benzothiazole-6-carbonyl chloride.
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Scheme-2.19: Preparation of benzothiazole derivatives under metal-free conditions.
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Scheme-2.20: Metal-free synthesis of 2-arylbenzothiazoles.
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Scheme-2.21: Acid-catalyzed preparation of benzothiazoles from 2-aminobenzenethiols.
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Scheme-2.22: Conversion of 2-aminobenzenethiol to 2, 2-disubstituted benzothiazolines.

2.2.2. Condensation Methods

Bhat et al. investigated the microwave-irradiated rapid synthesis of 2-aryl-benzothiazoles 75
from a variety of aryl aldehydes 74 and 2-aminothiophenol 73 utilizing acacia concinna as a
biocatalyst (Scheme-2.23). Compared to the traditional approach, the present protocol possesses
distinguishing characteristics such as an environmentally friendly nature, less reaction time,
solvent-free, and excellent yields of the desired products [33]. Ye ef al. accomplished a visible-
light supported preparation of benzothiazoles 78 from 2-aminothiophenol 76 and various

aldehydes 77 via condensation reaction (Scheme-2.24). The reaction system under atmospheric
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air was irradiated for 6 hours with a 12W blue LED. The universality of this reaction condition
has been explored by examining a range of aldehydes. The results have indicated that aliphatic,
aromatic, and aldehydes containing heteroatoms can all undergo this transformation successfully.
The findings provided a systematic, non-transitional metal catalyst, an additional additive, and an
appropriate synthetic route to benzothiazoles [34]. Maleki et al. discovered that benzothiazoles
81 can be obtained in high yields by catalyzing the condensation reaction of 2-aminothiophenol
79 with aromatic aldehydes 80 at ambient temperature using NH4Cl as a catalyst (Scheme-2.25).
Furthermore, NH4Cl has shown hydrogen bonding activation of carbonyl compounds to enhance
the reaction by nucleophilic attack of amines to provide the desired product. Evidently, because
of the less reaction time, recyclable catalyst, metal-free, acid-free, and excellent yield, this
approach is a green chemistry reaction route for the formation of benzothiazole and its
derivatives [35]. Bista ef al. developed the reaction of ortho-aminobenzenethiol 82 with various
substituted bisthiophene derivatives 83 under reflux conditions for approximately 1 hour, in the
presence of DMSO to achieve 2-bisthiophene substituted benzothiazoles 84 (Scheme-2.26). The
assessment was carried out on the fluorescence properties of products. In the 450-600 nm range,
they have shown strong fluorescence as well as major stokes shifts and high quantum yields. The
above-mentioned compounds could be utilized as fluorescent indicators because of their strong
fluorescence [36]. Merroun et al. successfully achieved a systematic, straightforward, and
environmentally friendly approach to produce benzothiazole derivatives 87. This was
accomplished by condensing ortho-aminothiophenol 85 with different aromatic aldehydes 86,
using SnP,07 as an innovative heterogeneous catalyst (Scheme-2.27). The excellent yields and
reduced reaction times achieved for different benzothiazole derivatives synthesis demonstrate
that a novel catalyst is extremely intriguing due to its strong catalytic activity and reusability
without any degradation of its activity [37]. Praveen et al. explained that microwave-assisted
conditions are effective in promoting the synthesis of benzothiazoles 90. This synthesis involves
condensing 2-aminobenzenethiol 88 with benzaldehyde derivatives 89 using PIFA as an
oxidizing reagent (Scheme-2.28). The present protocol has several appealing characteristics
including reduced reaction time, satisfactory yield, and broad substrate scope. In contrast to the
conventional heating method, the utilization of microwave technology has the potential to reduce
reaction time, enhance reaction yields, and expand the applicability of the substrates [38]. Guo et

al. proposed an efficient methodology to synthesize a series of benzothiazoles 93 via
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condensation of ortho-aminothiophenol 91 with different derivatives of aldehydes 92 under
ambient conditions, for approximately 1 hour, in ethanol with the H,O,/HCI system present
(Scheme-2.29). The optimal ratio for the coupling was determined to be 1:1:6:3 of ortho-
aminothiophenol/aldehydes/H,O,/HCI. The key benefits of this method involve high yields,
reduced reaction time, and facile and quick separation of the required products [39]. Kumar ef al.
synthesized benzothiazole derivatives 96 via condensation of 2-aminobenzenethiol 94 with
benzaldehyde derivatives 95 in dichloromethane using PDAIS (Scheme-2.30). The significant
advantage of this technique involves the conversion of PDAIS to polymer-supported
iodobenzene, which is collected by filtering and reused [40]. A simple and effective
methodology to synthesize 2-arylbenzothiazoles 99 has been established by Maphupha et al. by
reacting ortho-aminothiophenol 97 with an aromatic aldehyde through condensation 98. The
cost-effective commercial laccase served as a catalyst, resulting in the formation of the desired
compounds with yields ranging from moderate to outstanding [41] (Scheme-2.31).

Coelho et al. developed a simple and effective method for synthesizing benzothiazoles 102. This
method involves the condensation of disulfides of 2-aminothiophenol 100 with carboxylic acids
101, and it is facilitated at room temperature in the presence of tributylphosphine [42]. By
making use of different carboxylic acids and 2-aminothiophenol disulfides with
donor/withdrawing substituents, the universality of this technique was examined; this led to the
synthesis of benzothiazoles with high yields. The benefits of this methodology involve the
addition of non-toxic reagents and moderate reaction conditions (Scheme-2.32). Gupta et al.
described that molecular iodine was utilized to achieve a cost-effective and excellent yield of
benzothiazole derivatives 105 in a one-pot, solvent-free, and solid-phase condensation involving
ortho-aminothiophenol 103 with derivatives of benzoic acid 104 for 10 minutes (Scheme-2.33).
The novel approach significantly reduces cost by 17-fold when compared to polyphosphoric acid
and [pmim]-Br catalyzed microwave synthesis because the reaction does not necessitate any
extra chemicals or solvents. The benefits of using iodine are that it is nonselective, low-priced,
requires a shorter reaction time, and can be conducted without the use of any solvents [43].
Sharghi et al. have presented an uncomplicated and highly productive approach for producing a
range of 2-substituted aliphatic and aromatic benzothiazoles 108. This approach involves the
condensation of 2-aminothiophenol 106 with various types of aromatic or aliphatic carboxylic

acids 107 (Scheme-2.34). Methanesulfonic acid was proven to be a successful combination for
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accelerating this condensation process, facilitating the swift production of benzothiazoles with
favorable yields. Furthermore, without reducing yield, silica gel could be reused several times.
The benefits of this method include the utilization of readily accessible carboxylic acids and
standard reaction conditions [44]. Reuf ef al. reported that 2-substituted benzothiazoles 111 were
synthesized under microwave irradiation for 3-4 minutes by conducting a condensation reaction
between ortho-aminothiophenol 109 and a range of fatty acids 110 (Scheme-2.35). The reaction
was completed by using P4S;¢ as a catalyst with a high production yield. This is an inexpensive,
rapid, and solvent-free protocol [45]. Mokhir et al. synthesized 2-cyanomethyl benzothiazole 114
by utilizing glacial acetic acid as a catalyst; ortho-aminothiophenol 112 was subjected to a
condensation reaction with malonodinitrile 113 (Scheme-2.36). In the subsequent step, conc.
HCl was slowly introduced to a mixture of 2-cyanomethyl benzothiazole in a solution of
isopropanol and water to synthesize 2-benzothiazolylcyanoxime, a potent multidentate ligand
suitable for chemical coordination [46]. Zandt et al. accomplished the 24-hour synthesis of
benzothiazole derivative 117 via condensation of 2-amino-4, 5, 7-trifluorothiophenol
hydrochloride 115 with N-cyanomethyl-4-fluoro-2-hydroxy-benzamide 116 in ethanol reflux
[47] (Scheme-2.37). Sun et al. developed the copper-catalyzed production of 2-substituted
benzothiazoles 120 using ortho-aminobenzenethiols 118 and nitriles 119 containing diverse
functional groups (Scheme-2.38). Upon optimizing the reaction parameters, it was found that the
most favorable catalytic conditions, involving Cu(OAc), and Et;N, yielded the best outcomes.
Preliminary mechanistic studies revealed that the formation of sulfilimine, followed by
intramolecular cyclization produces benzothiazoles in excellent yield [48]. Khalil ef al. studied
that the synthesis of benzothiazoles 123 could be done from ortho-aminothiophenol 121 and
amino ester 122 by utilizing polyphosphoric acid as a catalyst. Subsequently, neutralized using
an aqueous ammonia solution, the desired products were successfully obtained with satisfactory
yields [49] (Scheme-2.39). Manfroni et al. synthesized benzothiazole derivatives 126 via
condensation of different substituted ortho-aminothiophenol 124 with ethyl cyanoacetate 125,
which furnishes corresponding products in moderate to good yields [50] (Scheme-2.40). Reddy
et al. developed the exclusive formation of trifluoroacetonyl benzothiazole 129 under microwave
irradiation conditions upon treatment of ortho-aminothiophenol 127 with trifluoroacetyl ketene
diethyl acetal 128 in the presence of toluene for 8 minutes [51] (Scheme-2.41). The preparation

of some novel benzothiazole derivatives 134 from benzothiazolyl carboxyhydrazide 133 and aryl
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acids in the presence of phosphoryl chloride was examined by Rajeeva et al. [52] (Scheme-
2.42). Bastug et al. established the simple, versatile, and systematic synthesis of different
benzothiazole derivatives 137 by conducting a reaction involving functionalized orthoesters 136
and substituted anilines 135 through condensation under ambient conditions (Scheme-2.43). The
versatility of this protocol enables the creation of new libraries of heterocyclic compounds
containing multifunctional sites. A broad array of substituted orthoesters has been synthesized
using a modified Pinner sequence [53]. Karlsson et al. produced (2, 6'-dibenzothiazole)-2'-thiol
140 by reacting 4-(benzothiazole-2-yl)-2-bromoaniline 138 with ortho-ethyl potassium
dithiocarbonate 139 in the presence of DMF at a temperature of 140 °C for 4 hours. Similarly,
Yang et al. presented a systematic method for the highly efficient synthesis of polyfluorinated 2-
benzylthiobenzothiazoles 143 using various substituted anilines 138 and ortho-ethyl potassium
dithiocarbonate 139. The current procedure reduces the required reaction time and enables the
attainment of yields ranging from good to excellent [54] (Scheme-2.44). Murru et al.
investigated the copper-catalyzed direct synthesis of substituted benzothiazoles 146 using ortho-
haloaryl isothiocyanates 144 and various aromatic nucleophiles 145 that include O or S
heteroatoms. This intramolecular C-S bond formation (Scheme-2.45) offers an efficient method
for producing both O- and S-substituted 1, 3-benzothiazoles. Contrarily, thiols and alcohols were

less reactive in this method [55].

0O Acacia concinna 5 mL (10% W/V)
N H,0 N
SURIcal - -0
SH r.t., MW, 30 min S

73 74 75

Scheme-2.23: Microwave-assisted synthesis of 2-aryl-benzothiazoles.
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= benzyl; cyclohexyl; 2-furanyl; 2-thienyl; n-propyl; cyclopropyl; 4-CF5-CgHy;
3-indolyl; 1-naphthyl; 2-Br-C4H,; 2-CI-CHy; 2-F-CgHy; 4-Cl-CgHy; 4-F-C¢Hy;
3-OMC-C6H4; 2-MC-C6H4; 4-t-Bu—C6H4; 3-MG—C6H4; 4-MGO-C6H4

Scheme-2.24: Synthesis of benzothiazoles from 2-aminothiophenol under visible-light.
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Scheme-2.25: NH4CI catalyzed preparation of benzothiazoles.
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Scheme-2.26: Preparation of 2-bisthiophene substituted benzothiazole.
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Scheme-2.27: Green synthesis of benzothiazoles from ortho-aminothiophenol.
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3,5-OCH;3-4-OHPh; 2-Naphthalene; 3,4-OCH;Ph; 2-furan, 2-(1-methylindole); 4-(3-(4-
Br/OC,Hs/Cl/OCHj5; 3-OCH;3-4-OH-5-BrPh; 2-pyridine; 3,5-OCHj;

Scheme-2.28: Reaction of 2-aminobenzenethiol with benzaldehydes.
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Scheme-2.29: Synthesis of a series of benzothiazole derivatives.
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Scheme-2.30: Reaction of 2-aminobenzenethiol with benzaldehyde derivatives.
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Scheme-2.31: Preparation of 2-arylbenzothiazole.
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Scheme-2.33: Solvent-free synthesis of benzothiazole derivatives.

Scheme-2.32: Preparation of benzothiazoles from 2-aminothiophenol disulfides and carboxylic
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Scheme-2.34: Synthesis of 2-substituted aliphatic and aromatic benzothiazoles.
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Scheme-2.35: Reaction of ortho-aminothiophenol and fatty acids.
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Scheme-2.36: Condensation of 2-aminothiophenol with malonodinitrile.
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Scheme-2.37: Preparation of 4-fluoro-2-hydroxy-N (4, 5, 7-trifluorobenzothiazol-2-ylmethyl)-

benzamide.
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Scheme-2.38: Copper-catalyzed synthesis of benzothiazole derivatives.
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Scheme-2.39: Condensation of ortho-aminothiophenol with amino ester.
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Scheme-2.40: Condensation of ortho-aminothiophenol with ethyl cyanoacetate.
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Scheme-2.41: Synthesis of trifluoroacetonyl benzothiazole under microwave irradiation.
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Scheme-2.42: Condensation of benzothiazolyl carboxyhydrazide with aryl acids.
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Scheme-2.44: Synthesis of (2, 6'-dibenzothiazole)-2'-thiol.

Scheme-2.43: Preparation of benzothiazole derivatives from substituted anilines and orthoesters.
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Scheme-2.45: Synthesis of 2-substituted-1, 3-benzothiazoles.

2.3. Applications of Benzothiazoles

Benzothiazole, a class of thiazole featuring a benzene-fused ring, has emerged as a valuable
moiety in medicinal, synthetic, and pharmaceutical chemistry because of its remarkable
biological activities. Researchers began studying various 2-aminobenzothiazoles as central
muscle depressants in the 1950s, subsequently shifting their focus towards synthesizing these
derivatives. Considering their notable biological activities, the synthesis of benzothiazoles and
their derivatives has become a prominent research and discussion topic. Numerous derivatives
have been synthesized and assessed for their multifaceted effects, including antifungal, anti-
proliferative, and antioxidant properties. Notably, a substantial number of benzothiazole
derivatives exhibit potent anticancer activities, and a comprehensive understanding of the SAR
has been achieved for various cancer cell lines. Furthermore, benzothiazole acts as a robust
antimicrobial agent, further underscoring its versatility. In light of these factors, derivatives of
benzothiazole and its analogs continue to hold substantial importance in the research domain, as
evidenced by the numerous patents related to this compound. Moreover, a multitude of
benzothiazole derivatives are currently progressing through various stages of clinical trials.
Benzothiazoles have also gained recognition for their antioxidant properties. Their structural
features, such as the presence of sulfur, allow them to effectively scavenge free radicals and
reactive oxygen species (ROS), thereby acting as antioxidants. Benzothiazoles have been
explored for their potential to protect cells and tissues from oxidative damage, which is

associated with various diseases.
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2-Aminobenzothiazoles are considered the building blocks of many pharmaceuticals and
agrochemicals. As a result, different derivatives of benzothiazole have been synthesized using
morpholine, piperazine, and their derivatives because these compounds obtain strong
significance because of their multiple pharmacological domains. For example, the synthesis of
benzothiazole by using secondary amines as substrates: thiomorpholine, 1, 4-dioxa-8-azaspiro
[4.5] decane and 1-phenylpiperazine also exhibit very good reactivity in the production of 2-
aminobenzothiazoles. The reaction of isothiocyanate with morpholine produces 2-
aminobenzothiazoles in excellent yield. Benzothiazole-piperazine compounds were prepared and
evaluated for their cytotoxic impacts on various cancer cell lines, including hepatocellular
(HepG-2), prostate (DU-145), breast (MCF-7), and colorectal (HCT-116) cancer cells. To
illustrate, N-(6-methylbenzothiazol-2-yl)-2-(4-substitutedpiperazinyl) acetamides were created
by treating 2-chloro-N-(6-methylbenzothiazol-2-yl) acetamides with piperazine and anhydrous
K,COs3. Both piperazine-based and morpholine-based benzothiazole derivatives demonstrated
significant activity against cancer cell lines, along with human liver cancer, prostate cancer,
acute B-lymphoblastic leukemia, lung fibroblast cells, breast adenocarcinoma, lung cancer, and
skin melanoma. The latter compound was particularly effective against Bel7402. Hela cells,
MCF-7, and HepG2, and cancer cell lines, highlighting their potential as anticancer agents.
Additionally, two benzothiazole derivatives, BTC6T and BTCS8T, were synthesized and assessed
for their corrosion inhibition properties against steel. These inhibitors exhibited superior efficacy
and stability compared to previously studied benzothiazole-based inhibitors, as determined
through potentiodynamic polarization, weight loss methods, and EIS. Furthermore, thiazole
pyrimidine compounds were investigated for their ability to hinder the proliferation of various
microorganisms, encompassing various strains of Mucor species. Notably, methoxy
benzothiazole derivatives displayed excellent antimicrobial properties, suggesting the potential
use of thiazoles in addressing conditions such as Mucormycosis (Black Fungus), a subject of
growing research interest.

The concept of utilizing structure-activity relationships has evolved significantly over the past
decade and has proven to be a successful strategy for discovering new drugs. It is a rapidly
advancing theme within medicinal chemistry. Benzothiazoles are particularly valuable in this
regard, as they serve as both core structures and capping fragments for designing and

synthesizing targeted molecules efficiently. Their inherent affinity for various biological
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receptors makes them a versatile resource for medicinal chemists. The molecules with the
structures mentioned represent a class of compounds highly adept at binding to multiple
receptors. Utilizing these molecules empowers medicinal chemists to rapidly identify bioactive
compounds across a broad spectrum of therapeutic fields over an extended timeframe.
Heterocyclic compounds containing nitrogen and sulfur are of significant importance not only in
the life sciences but also in various industrial sectors, including specialty and fine chemistry.
Among these, benzothiazoles stand out as a noteworthy category of medicinal compounds with
diverse biological effects. They are rarely encountered in natural substances from marine or
terrestrial sources, yet they possess advantageous biological properties. Moreover,
benzothiazoles are acknowledged for their occurrence as fragrance constituents in tea leaves and
cranberries, or as flavor compounds produced by fungi like Aspergillus clavatus and Polyporus
frondosus. Recent research has explored benzothiazole derivatives as potential histamine H2
receptor antagonists, inhibitors of stearoyl coenzyme A d-9 desaturase, inhibitors of selective
fatty acid amide hydrolase, antagonists of the LTD4 receptor, and antagonists of the orexin
receptor. Furthermore, they find applications as agents for plant protection, intermediates in dye
production, appetite suppressants, imaging agents for f-amyloid plaques, and sensitizers in

photography [56-61].
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Fig.-2.1: Popular benzothiazole molecules.

2.4. Antibiotic Resistance

Antibiotic resistance refers to the capacity of bacteria to withstand the actions of antibiotics that
were previously effective in treating the infections they are responsible for, stands out as a
critical concern in the realm of AMR, compared to other forms of resistance such as antiviral or
antifungal resistance, due to several reasons [62]. Firstly, antibiotics are widely used for treating
a range of bacterial infections, including life-threatening conditions such as sepsis and
pneumonia. In contrast, antifungal and antiviral are used for treating fungal and viral infections,
respectively, which generally have a lower incidence and severity as compared to bacterial
infections [63]. Secondly, the development of new antibiotics has stagnated in recent decades,
resulting in a reduction in the efficacy of current antibiotics in combating bacterial infections. In
contrast, several new antiviral and antifungal have been developed in recent years, including
those for HIV, hepatitis C, and invasive fungal infections [64]. Thirdly, the economic burden of
antibiotic resistance is estimated to be higher than that of antifungal and antiviral resistance, due
to the higher incidence and severity of bacterial infections. Research conducted in the United
States estimated that the annual economic cost is over $55 billion, primarily due to increased
healthcare costs and productivity losses [65]. In response to the escalating problem of antibiotic
resistance, the WHO issued a list of the most “critical pathogens” in February 2017, termed
“ESKAPE”, these biofilm-associated superbugs pose an imminent threat to human health,
thereby necessitating utmost priority in their management [66]. The acronym "ESKAPE" was
first introduced by a team of researchers led by Louis B. Rice, MD, at Case Western Reserve
University in Cleveland, Ohio, who noted the growing concern of antibiotic resistance in these
specific pathogens [67]. These microorganisms have been recognized as a significant source of
infections acquired in healthcare settings. They are responsible for various infections, such as
pneumonia, bloodstream infections, urinary tract infections, and surgical site infections. Their
remarkable capacity to resist the effects of antibacterial agents is notable, and they are frequently

linked to high rates of illness and death [68].

2.5. Antibiotic Discovery & Development: Combating Bacterial Resistance in Bacterial cells
& Biofilm communities
Drug discovery is one approach that can potentially be used to combat both biofilms and AMR.

Developing new drugs that are effective against biofilms and resistant bacteria is critical for
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improving the treatment of bacterial infections [69]. The burgeoning challenge of antibiotic
resistance further complicated by biofilm formation among ESKAPE pathogens is significantly
aggravated by the slow progress in the exploration and creation of novel antibiotics, demanding
an urgent and concerted effort to revitalize this pipeline which is rapidly drying up. Research and
development to discover and develop new antibiotics aiming at disruption of biofilm, through
screening of natural products, modifying existing antibiotics, and developing novel drug targets
has been identified as the most crucial [70]. The development and application of antibiotics have
made significant contributions to medical technology and life expectancy, but the emergence of
AMR calls for continued research and development of new antimicrobials. Between 1949 and
1980, the most significant developments concerning the different classes of antibiotics occurred.
However, since 1987, there has been a lack of major discoveries in new classes of antibiotics,
leading to an "antibiotic discovery void".

The widespread proliferation of drug-resistant pathogens is making antibiotics increasingly
ineffective. The COVID-19 pandemic has exacerbated an already significant issue of secondary
infections associated with MDR bacteria, which primarily affects immunocompromised patients,
particularly those receiving care in healthcare settings. The substantial incidence of secondary
infections during COVID-19 in hospitalized patients, coupled with the rampant misuse of
antibiotics, has created a perfect storm that threatens to unleash dire consequences on healthcare,
the economy, and society at large. Critical medical procedures such as cancer chemotherapy,
organ transplantation, and surgical interventions will increasingly become perilous due to
resistance strains. Thus, the pressing need for novel antibiotic development becomes more

pronounced antibiotics [71].

2.6. Conclusion

Benzothiazoles exhibit a wide range of applications in both the pharmaceutical and industrial
sectors. With the progression of eco-friendly protocols and sustainable chemical processes that
emphasize operational simplicity, enhanced selectivity, cost efficiency, and high product yields,
various methodologies have been periodically introduced for the synthesis of benzothiazole and
its derivatives. Notably, considerable focus has been directed towards producing benzothiazole
derivatives through the condensation of ortho-aminothiophenol with diverse nitriles, esters,

aldehydes, ketones, and acids. It is noteworthy that the efficient synthesis of 2-
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aminobenzothiazoles has been achieved using bromine, involving the reaction of various

aromatic amines with sodium thiocyanate, potassium thiocyanate, or ammonium thiocyanate.
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This chapter provides a succinct overview of the materials used and methodologies implemented
in this study. The details are systematically delineated into distinct sections to facilitate a

thorough comprehension.

3.1. Chemistry

The chemicals and solvents utilized in this study were procured from E. Merck (India) and
Sigma Aldrich chemicals, and they were used as received without any further purification. Thin-
layer chromatography (TLC) was conducted on pre-coated aluminum sheets (Silica gel 60 F254,
Merck Germany). The visualization of the synthesized compounds on TLC was achieved using
ultraviolet (UV) light at a wavelength of 254 nm. The melting points of all compounds were
determined using a Veego instrument with model specifications REC-22038 A2 and these values
are reported without correction. Single crystal X-ray diffraction (SCXRD) was performed using
a Bruker D8-Venture single crystal X-ray diffractometer equipped with a digital camera. 'H
NMR and "*C NMR spectra were recorded on a Bruker Avance DX spectrometer operating at
400 and 100 MHz, respectively from IIT Delhi, India. The chemical shifts are reported relative to
the residual deuterated solvent peaks, with chemical shifts denoted in ppm. Splitting patterns are
indicated as s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublet), or m
(multiplet), while coupling constants (J) are expressed in hertz. Mass spectra were obtained using
Electrospray lonization Mass Spectrometry (ESI-MS) on an AB-Sciex 2000 (Applied
Biosystem) instrument and a GCMS-QP 5000 (Shimadzu) mass spectrometer. Infrared spectra
were recorded neat on a Perkin Elmer FT-IR spectrometer using the ATR technique. Solvent

evaporation was carried out under reduced pressure using a rotary evaporator (IKA).

3.2. In Vitro Antibacterial Activity

(Note: The antibacterial experiments were carried out at the Centre of Research for
Development and P.G Programme in Microbiology, within the School of Biological Sciences

at the University of Kashmir, Srinagar, Jammu and Kashmir, India).

3.2.1. Chemicals and Reagents

MHB, NA, Gram Staining Kit, and Crystal Violet (cell culture tested) used in the study were
supplied by HiMedia. DMSO, Methanol, Glycerol, [Aqueous] Acetic Acid, NaCl, Isopropanol,
Absolute Ethanol, Resazurin, and MTT were purchased from Merck (India). DAPI Stain and PI
counter stain were purchased from Thermo Fischer Scientific. FBS, BSA, DMEM, Trypsin, and
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PBS were obtained from Gibco (Thermo Fischer Scientific). All chemicals used were of

analytical research grade.

3.2.2. Plasticware and Glassware

Flat bottomed 96-well microtiter plates with lids, 12 well cell culture plates, 15 and 50 mL
Falcon tubes, Micro centrifuge Eppendorf tubes (1.5 mL and 2mL), Micropipettes and tips,
Multichannel pipette, 500 mL Erlenmeyer flasks, Autoclaved disposable Petri plates (90 mm),
500 mL Reagent bottles, Cell Culture flasks (T25 & T75), Cuvettes, Cryopreservation boxes,
Microscopic Glass Slides, Autoclavable biohazard bags, Gloves, Plastic filters, Parafilm, Filter

paper. All the materials were supplied by Tarsons.

3.2.3. Instruments

Biosafety Cabinet-Il Laminar Air Flow (ESCO, SENITAL GOLD), Spectrophotometer
(SPECTRO-STAR NANO, BMG Labtech), Analytical Balance, Vortex mixer, Shaker Incubator,
CO2 incubator, Shaker Incubator (Labtech), Fluorescent Bright field Microscope (Magnus
MU2A), 96 well Microplate Reader (MULTISKAN GO, Thermo Scientific).

3.2.4. Software
Graph Pad Prism version 9, Pyrex, Biorender- Image Software, GROMACS 2021.2, and

Microsoft Excel, Chemdraw.

3.2.5. Bacterial Strains

Gram (+) bacteria; Staphylococcus aureus (ATCC 25923), Enterococcus faecalis (ATCC
51299), Bacillus cereus (MTCC 121) and Gram (-) bacteria; Escherichia coli (ATCC 10536),
Pseudomonas aeruginosa (ATCC 10145), Klebsiella pneumoniae (NCTC 13440) were frozen as
glycerol stocks and stored at —80 °C. For each experiment, the frozen bacterial stock was thawed
and grown in MHB to the mid-logarithmic phase of growth under proper incubated conditions

and then used.

3.2.6. Media Preparation

3.2.6.1. Preparation of Liquid Media: Mueller Hinton Broth

A quantity of 10.25 grams of MHB powder was suspended in 500 mL of distilled water (for each
experiment). The mixture was filtered using filter paper. After filtration, the dissolved mixture

was autoclaved at 121 °C at 15 psi pressure, and allowed to cool below 40 °C after which it was
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incubated overnight before use to check for any contamination. This media was preferred for the
study as it is a non-selective and non-differential media, free of inhibitors that can interfere with
the growth of bacteria.

3.2.6.2. Preparation of Nutrient Agar

14 grams of NA powder was dissolved in 500 mL of distilled water. The mixture was autoclaved
and after autoclaving cooled down to 40 °C. Under sterile conditions, NA was poured on Petri
dishes and left to solidify. On solidification, plates were incubated for 24 hours to check for
contamination before use.

3.2.7. Recovery of Lyophilized Cultures

The ampoules of Gram (+) and Gram (-) bacteria procured were disinfected by wiping with 70%
Ethanol. Initially, the end of the outer vial was heated with a flame and then cooled by squirting
a few drops of water to generate a crack. Once the tip was extracted, the inner vial was taken out
using forceps. The contents were aspirated several times to mix the suspension with the
aseptically added sterile water. After 15-30 minutes the suspensions were inoculated onto 2mL
MHB. After the growth of lyophilized cultures, 0.5 mL aliquots were poured in 20 mL MHB and
incubated at 37 °C until turbidity appeared. The bacterial cultures were used for glycerol stock

preparation.

3.2.8. Glycerol Stock Preparation

40% glycerol was prepared by taking 40 mL glycerol and 60 mL distilled water and autoclaving
the mixture. Actively growing bacteria were mixed with 40% glycerol in a ratio of 1:1 in a 50
mL falcon tube (15 mL culture + 15 mL of 40% Glycerol). The mixtures were vortexed. 1 mL
aliquots of the solutions were dispensed in 2 mL Eppendorf tubes labelled with the name of
bacterial strains and date. Tubes were sealed with Parafilm and stored at -80°C till further use,

prepared for all the bacterial strains under study.

3.2.9. Revival of Glycerol Stocks

The glycerol stocks of Gram (+) bacteria, S. aureus, E. faecalis, B. cereus, MRSA and Gram (-)
bacteria, E. coli, MDR Escherichia coli, P. aeruginosa, K. pneumoniae were thawed before use.
Under sterile conditions, the 15 mL Falcon tubes were labelled with the name of bacteria and

date and arranged in a test tube stand. Each tube was filled with 10 mL of MHB, and then, 1 mL
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of the corresponding bacterial strains was introduced into the tubes for inoculation. The tubes

were sealed and incubated along with a Media control tube for 24 hours at 37 °C.

3.2.10. Subculture on Nutrient Agar
The bacteria were sub-cultured on NA using a sterile inoculating loop using the streaking

method.

Fig.-3.2: Liquid subculture of Gram (+) and Gram (-) bacteria in Mueller Hinton Broth. Control
tubes are used for quality control (Contamination).
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Fig.-3.3: Subculture of Gram (+) bacteria on Nutrient Agar Media; S. aureus, B. cereus, E.
faecalis and MRSA.

Fig.-3.4: Subculture of Gram (-) bacteria on Nutrient Agar Media; E. coli, P. aeruginosa, K.
pneumonia and MDRE.

Table 3.1: Mueller Hinton Broth recommended for determination of the susceptibility of

bacteria to antimicrobial agents by broth dilution method.

Mueller Hinton Broth- General Purpose Media
Ingredients Grams/Litre
HM infusion B 300.000
Acicase 17.500
Starch 1.500

Table 3.2: Composition of nutrient agar media used as general-purpose media for cultivation of

less fastidious microorganisms.

Nutrient Agar Media- General Purpose Media

Ingredients Grams/Litre
Peptone 5.000
NaCl 5.000
HM Peptone B 1.500
Yeast Extract 1.500
Agar 15.000
Final pH 74+0.2
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3.2.11. Antimicrobial Susceptibility Testing

The broth microdilution method was used to ascertain the susceptibility and MIC values of the
series of compounds against Gram (+) and Gram (-) bacteria under the guidelines of the CLSI
guidelines 2016 (CSLI, 2016). CIP, AMK, and STR of known MIC values were used as control

drugs. For determining the MIC following steps were followed:

3.2.11.1. Preparation of Stock solution and working solutions
Stock solutions of test compounds and control drugs (powdered form) at a concentration of 10
mg/mL were prepared by dissolving them in DMSO. 1 mg/mL and working solutions were

further prepared using the formula C,V,;=C,V..

Fig.-3.5: Preparation of stock and working solutions of drugs.

3.2.11.2. Inoculum Preparation

The bacterial strains sub-cultured in MHB were grown to reach the log phase and adjusted to
achieve turbidity equivalent to 0.5 McFarland turbidity standard (equivalent to 10° CFU/mL
OD600 ranging between 0.3-0.6). The 0.5 McFarland suspension of the respective bacterial
strains was diluted appropriately (1:150), resulting in a final inoculum containing 10° CFU/mL.
The inoculum was plated on NA media as a quality control measure to ascertain the presence of
10° CFU/mL of colonies.

3.2.11.3. Susceptibility Testing: Broth Microdilution Method

The 96-well plates were labelled with the compound name, reference antibiotics (two
wells/compound), and name of bacterial strains. 200 pL of MHB were dispensed into the wells
except for the 1¥ column. 200 uL of the respective compounds and drugs (CIP, AMK, and STR)
were pipetted into the first column with a concentration equal to 128 pg/mL. 2-fold serial
dilution was performed so that the concentration from the 1st to 10™ well ranges from 128

pg/mL-0.25 pg/mL. This was followed by inoculation of 50 pL of 10° CFU/mL cells of S.
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aureus, E. faecalis, B. cereus, MRSA, MDRE, P. aeruginosa, and K. pneumoniae to wells in
individual 96-well plates. The last two wells were taken as GC and MC, one lacking the drug and
the other lacking both drug and compound as an indicator of contamination. The plates were
sealed with parafilm. After incubating the plates for 24 hours at 37 °C, an examination was
conducted to ascertain whether visible growth was present or absent by comparing them with the
CC and MC wells which also act as indictors of contamination. MIC was defined as the lowest

concentration of the compound where no visible bacterial growth was observed.

2- FOLD SERIAL DILUTION OF THE
e - ANTIMICROBIAL COMPOUNDS

| Decreasing Concentration of Drugs ( pg/ml) >
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e

GC- Growth Control (No Drug)
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Created in BioRender.com bio

Fig.-3.6: Diagrammatic representation for serial two-fold dilution of compound library.

3.2.12. Determination of MIC

To determine the MIC, the broth microdilution technique was employed, as described previously
[1, 2]. The 96-well plates were labeled with the compound name, reference antibiotics (two
wells/compound), and name of bacterial strains. 200 uL of MHB were dispensed into the wells
except for the 1 column. 200 uL of the respective compounds and drugs (CIP, AMK, and STR)
were pipetted into the first column with a concentration equal to 128 pg/mL. 2-fold serial
dilution was performed so that the concentration from the 1st to 10™ well ranges from 128
pg/mL-0.25 pg/mL. This was followed by inoculation of 50 pL of 10° CFU/mL cells of S.

aureus, E. faecalis, B. cereus, E. coli, P. aeruginosa, and K. pneumoniae to wells in individual
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96-well plates. The last two wells were taken as GC and MC, one lacking the drug and the other
lacking both drug and compound as an indicator of contamination. The plates were sealed with
parafilm. Following a 24-hour incubation period at 37 °C, the plates were examined to determine
whether visible growth was present or absent by comparing them with the CC and MC Wells

which also act as indictors of contamination.

3.2.12.1. Spectrophotometric Analysis

The OD of each well was measured at 600 nm using a microplate reader. The OD values for each
well were recorded and the calculation of growth inhibition percentage was carried out as
described. In the calculation of percentage inhibition, the control well containing the bacterial
culture but without any compound, GC was used as the reference for comparison. This control
well was used to determine the baseline OD value of the bacterial culture and considered as
100% growth or metabolic activity. The OD value of each well was then compared to the OD
value of the control well to calculate the percentage inhibition of bacterial growth or metabolic
activity. The percentage of growth inhibition in each well was calculated by comparing the OD

of each well to that of the growth control wells using the following formula:
Percentage inhibition = [(OD control — OD treated)/OD control] x 100

The data was plotted to determine the percentage of inhibition (plotting the percentage of
inhibition versus the concentration of the antibiotic). The ICsy value was determined from the

curve as the antibiotic concentration that hinders 50% of bacterial growth.

3.2.13. Determination of MBC

To ascertain if the compounds are bactericidal, the MBC assay was performed as per CSLI, 2016
guidelines [3, 4]. MBC is the minimum concentration of compound that leads to a 3 log10-fold
decrease in CFU units or the lowest drug concentration that results in 99.9% killing of bacterial
cells in initial inoculums. It is important to determine MBC as it provides insights into the
optimal dosing regimen and identifies potential resistance mechanisms. The MBC was
performed by broth micro dilution. The experiment was performed in duplicates. Briefly, 2
sterile 96-well plates were filled with MHB containing serial two-fold dilutions ranging from 1x-
4x MIC of compounds and Ampicillin (4-16 pg/mL) as standard in a set of 2. Drug-free controls

were also included. The plates were inoculated with 50 pL of S. aureus and E. faecalis
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respectively with a final density equal to 10° CFU. The initial CFU of inoculums was verified by
plating onto NA media. After 24 hours, the drug-containing wells showing no sign of growth
compared to growth culture tubes were appropriately diluted to sub-MIC levels by 10-fold serial
dilution in MHB. 100 pL of each dilution was plated onto NA plates in duplicates. CFU was
enumerated following a 24-hour incubation period at 37 °C. CFU/mL was calculated using the
formula: No. of Colonies x Dilution Factor +~ Volume of Culture Plated, then log;, values of
an average number of colonies and log reduction were calculated using log calculator Omni
Calculator to determine if there is a 3-log reduction in cell number. Ampicillin (AMP) was used
as a control drug. Colonies ranging from 30-300 were considered countable. The lowest
concentration of the drug which caused 99.9% killing with a 3-log reduction in CFU was taken

as MBC of the drug.

3.2.14. Time-Kkill kinetics

To ascertain the bactericidal mechanism i.e. the Time v/s Concentration dependent-killing of the
lead compound 2d, the kill curve kinetics assay, was performed using the CFU/mL method as
per CSLI guidelines with slight modifications. Another method adapted from the protocol
described by Wang was also used to study the kill curve to provide insights into the extent of

killing (concentration-dependence) and rate of killing (time-dependence) [5, 6].

3.2.14.1. Assessment of 24-Hour Time-Kill Kinetics via CFU/mL Evaluation

To determine the kill kinetics of lead 2d compound, E. faecalis and S. aureus cultures with cell
density 1x10° CFU/mL (confirmed by plate count) were exposed to 8 ug/mL MIC, 16 pg/mL
(2xMIC) and 32 pg/mL (4xMIC) of 2d. A growth control CC was included as a negative control
(devoid of the compound). 2x MIC of AMP was taken as a standard drug. The log CFU/mL for
all groups was determined at time 0 and at a subsequent time interval of 4 hours (taken up to 24
hours). Aliquots (100 pL) of drug-exposed cultures were pipetted out at predetermined time
intervals of 4 hours in one day i.e., at 0, 4, 8, 9, 12, 16, 20, and 24 hours and serially diluted, then
plated onto NA for CFU enumeration. First, the colonies at different dilutions for each
concentration were enumerated then the average colony count at dilutions 10" 10* 10 and 10™*
was calculated and then converting the value into log;o (Note: the colonies on plates showing 30-
300 colonies were only considered). The curve was generated by plotting Logl0 CFU values for

each concentration against time. Time-kill curves were constructed and assessed to gauge the
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speed and magnitude of bacterial eradication. The rate of bacterial reduction was calculated from

the initial time point at 0 hours to the point of maximum decrease in logl0 CFU/mL.

3.2.14.2. Evaluation of Time-Kill Kinetics based on MTT-reduction on a 360-Minute Scale

For this assay, working solutions of 2d were prepared in a series of conical tubes containing
MIC, 2xMIC, and 4xMIC in 5 mL MHB. For each concentration, a set of tubes labeled with the
time point were taken. 100 pL of 10° CFU/mL of E. faecalis and S. aureus were dispensed in
their respective set of tubes and incubated at 37 °C. At the various time points 0, 60, 120, 180,
240, 300, and 360 minutes, the incubated tubes containing culture-molecule mixtures were
treated with 150 uL of MTT and incubated for 20 minutes. After incubation, the tubes were
centrifuged at 10,000 rpm at 10 °C for 10 minutes. The supernatant was discarded and the pellet
containing formazan crystals at the bottom was dissolved in 1.5 mL of Isopropanol and
absorption was measured at 550 nm. For positive control, the cells were treated with 2xMIC of
STR. The untreated cultures were taken as a negative control. MTT can be reduced to purple
formazan crystals by a dehydrogenase system of active cells which can be quantified through
spectrophotometric analysis by dissolving in organic solvent Isopropanol. OD550 nm can be
directly correlated to the number of metabolically active cells and this was used to determine the

bacterial killing at various concentrations over time.

3.2.15. Post-Antibiotic Effect

The PAE was determined as per the described protocol [7, 8]. Bacterial samples can have
persistent subpopulations that remain dormant under antibiotic treatment and lead to disease
recurrence following cessation of antibiotic therapy. The PAE was evaluated using the viable
count method and the procedure adopted was the slight modification of protocol as reported
previously. Briefly, an exponentially grown culture of E. faecalis and S. aureus with a final
density of 10¢* CFU/mL was exposed to the compound and control drug Ampicillin (AMP) at x,
2x, and 4xMIC for 2 hours. Following drug exposure, the drugs were removed through three
rounds of centrifugation at 10,000 rpm for 10 minutes each. The resulting pellet was then
reconstituted in MHB. Antibiotics were removed immediately after drug exposure (2 hours) and
taken as 0-hour readings and then after 1, 2, 3, 4, 5, 6, 7, 8, 12, and 24 hours by centrifugation.
Aliquots removed at predetermined time points were serially diluted 10-fold (N, 10™ 107, 10™*

10*, 10 and 10°) and plated on NA media in triplicates. GC with inoculums but no antibiotics
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were similarly processed and included to monitor the killing effect due to antibiotics to avoid any

error in CFUs during processing.

The calculation of PAE followed the protocol described by Craig and Gudmundsson, expressed
as PAE = T-C. In this context, '"T' represents the duration it takes for the viability count of a
culture exposed to antibiotics to increase by 1 logl0 unit compared to the count immediately

after dilution, while 'C' represents the corresponding time for the growth control.

3.2.16. Fluorescent Microscopy

DAPI and PI staining are commonly used to assess cell viability and the effect of antibiotics on
cells. DAPI is a fluorescent dye that binds to DNA and emits blue fluorescence upon excitation
by ultraviolet light. PI is also a fluorescent dye that binds to DNA, but it emits red fluorescence
upon excitation by ultraviolet light. In live cells, the DAPI stain enters the nucleus and binds to
DNA, whereas PI is excluded from the cell. However, in dead or damaged cells, the cell
membrane becomes permeable to PI, which enters the cell and binds to DNA, causing it to emit
red fluorescence. When using DAPI and PI staining to assess cell viability and the effect of
antibiotics on cells, the cells are typically treated with the antibiotic and then stained with DAPI
and PI. Live cells will appear blue, whereas dead cells will appear red. The staining was done as
per the described protocol [9, 10]. This staining technique was used to investigate the impact of
lead compounds on the viability of E. faecalis and S. aureus using DAPI and PI stains. Bacterial
cells were grown to an OD600 of 0.5. 1 mL of the actively growing cultures was pipetted into
Eppendorf tubes with MIC and 2xMIC of compound. After incubation of 2 hours at 37 °C, the
cultures in tubes containing the compound were centrifuged at 10,000 rpm for 10 minutes
supernatant was decanted and the pellet was resuspended in 200 pL Normal Saline Solution
(NSS). 20 pL of PI (5 pg/mL) were added to the tubes and incubated for 15 minutes at 0 °C in
the dark. The unbound PI was removed by centrifuging the tubes at 10,000 rpm for 10 minutes
and washing the pellet thrice with 200 pL of NSS. This was followed by a 15-minute incubation
with 2 uL of DAPI (10 pg/mL) at 0 °C in the dark. Finally, 100 pL of cultures were mounted
onto the clean well-labeled slides, left to dry, and methanol fixed. For negative controls, the
corresponding bacterial cells that did not receive compound treatment were processed under
similar conditions. The stained bacterial cells were visualized under a fluorescent microscope

and photographed using an inbuilt digital camera.
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3.2.17. Microtiter Plate Biofilm Inhibition Assay

To determine whether the compound can inhibit the formation of biofilms, the Microtiter Plate
Biofilm Assay was utilized as per described procedure [11, 12]. Firstly, the compound was
prepared as a working stock (200 pL of compound in 1* well) and was serially diluted two-fold
to obtain a concentration ranging from 0.25-128 pg/mL in 8 individual 96-well plates (1 plate for
inoculation of each bacterium) already containing 100 pL MHB (final volume of 200 pL). 50 uL
of bacterial suspension containing 10° CFU/mL bacteria cells were added to the wells of their
respective plates (S. aureus, E. faecalis, B. cereus, E. coli, P. aeruginosa, K. pneumoniae).
Culture control and Media control were included, in which only bacterial culture and growth
media were dispensed respectively. Following this, the plates were incubated at 37 °C for 24
hours to facilitate bacterial growth and to assess whether the presence of the compounds hindered
the development of biofilm, as specified. No visible growth was observed in wells that
correspond to the MIC of the compound for the bacterial strains tested. After the incubation
period, the planktonic bacterial cells in the wells were removed by washing three times with
PBS, and aliquots from the wells were serially diluted and plated onto NA to correlate further
findings. Subsequently, 125 pL of a 30% solution containing 0.5% CV and methanol was added
to all the wells of the 96-well plates. The plate was placed in an incubator for 20 minutes at 37 °C
to stain the biofilm formed by microorganisms that are adherent to the abiotic surface of a
microtiter plate. Any unbound CV was eliminated by rinsing the wells with distilled water, and
the wells were left to air-dry at room temperature. The wells were then visualized and
photographed under a microscope to quantify the extent of biofilm formation. To quantify the
amount of biofilm formed, 200 uL of 30% [aqueous] acetic acid was added to each well to
dissolve the CV. The OD of the dissolved CV was assessed at a wavelength of 470 nm utilizing a
microplate reader. This protocol was repeated thrice to achieve optimal results and correct any
background interference that may be present. The calculation of biofilm formation inhibition

percentage was performed using the following formula:
[100-(TreatedOD47;onm+ Growth ControlOD ;onm) x100]

This formula compares the optical density of the treated wells to that of the culture control wells

and expresses the result as a percentage of inhibition.

82



3.2.18. Biofilm Eradication Assay

A modified methodology incorporating diverse methods used earlier was implemented to
determine the potential of the compound for biofilm eradication and assess the minimum
concentration required for biofilm eradication [13, 14]. 12 well plates were employed for this
assay. To begin with, the bacterial strains (S.aureus, E. faecalis, B. cereus, P. aeruginosa, E.
coli, and K. pneumoniae) were grown to the mid-log phase and diluted to obtain 10° CFU/mL of
cells. 3 mL of MHB was pipetted into the 12 well plates and subsequently inoculated with 100
uL of the bacterial suspension. Media Control was taken as a positive control containing only
MHB. For each bacterial strain, separate plates were utilized and subjected to incubation for 24,
48, and 72 hours to assess the effect of different concentrations on various stages of bacterial
biofilm formation. After the incubation at given time points the plates were washed thrice with
PBS to get rid of the planktonic bacterial cells. After washing x, 2x, 4x, 8x, and 16xMIC
concentrations of the compound were added to the wells and incubated for 24 hours at 37 °C.
Culture Control well taken as a negative control was not incubated with the compound. After
incubation, the drug-containing plates were washed with PBS. This was followed by the addition
of 30% of 0.5% CV stain. The plates were subsequently left to incubate further for 1 hour at
room temperature. In the next step, the CV was removed by thorough washing. Each well was
observed under a microscope and photographed. To quantify the percentage of eradication 30%
[aqueous] acetic acid was added to the wells to dissolve CV-staining adherent cells. This was
done by recording the OD at 470 nm using a spectrophotometer. The calculation of the biofilm

eradication percentage was performed according to the formula:
[100-(Treated OD470nm + Growth Control OD470nm) x100]

The percentages were calculated by taking the mean of three OD readings obtained for each

concentration.

3.2.19. Cytotoxicity Assay

The critical factor that allows any compound to proceed successfully during drug discovery is
selective toxicity to pathogens and non-toxicity to human cells. The assay was performed under
the standards set by the ISO and OECD, to ensure accurate and reproducible results. The
cytotoxicity of the lead compound was evaluated against HEK-293. Before evaluating the

cytotoxicity of the compound, the cells were grown to reach a confluency of 70-80%. The
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culture techniques used were following the cell culture technique guidelines regulated by the

ICLAC, ATCC, and ECACC.

3.2.19.1. Cell Lines
HEK-293 cell lines were purchased from the NCCS, Pune, India. The cell lines were cultured in
DMEM (supplemented with 10% foetal bovine serum) in a CO, incubator with 98% humidity
and 5% CO, at 37 °C.
3.2.19.2. Cytotoxicity Assay using MTT
The method was carried out as described earlier [15, 16]. The 100 pL of HEK-293 cells were
placed into the 96-well microtiter plate and left to incubate for 24 hours at a temperature of 37 °C
with 5% CO,. The cells were treated with 6 concentrations of the compound 4, 8, 16, 32, 64, and
128 pg/mL dissolved in DMSO for time points 24, 48, and 72 hours to determine the time and
dose-dependent effect of the compound on cell viability. Untreated control wells received only
DMSO. Following the designated time intervals, the count of viable cells was determined as
follows: The culture medium from the 96-well plate was first aspirated and replaced with 100 pL
of fresh medium. Subsequently, 20 uL of the MTT stock solution (consisting of 5 mg of MTT in
I mL of PBS) was introduced into each well, including the untreated control wells.
Subsequently, the 96-well plates were incubated at 37 °C under a 5% CO, environment for 4
hours. After this incubation period, 85 pL of the medium was taken out from each well, and 150
pL of DMSO was added to dissolve the insoluble formazan crystals formed by viable cells. The
mixture was thoroughly homogenized using a pipette and further incubated at 37 °C for 10
minutes. The number of live cells was ascertained using a microplate reader to measure optical
density at 590 nm. This evaluation was made based on the distinct capacity of live cells to lessen
the tetrazolium component of MTT, resulting in the formation of purple-colored formazan
crystals. The intensity of this colored formazan was measured at an absorbance of 570 nm using
the microplate reader, and the following formula was used to calculate the percentage of growth
inhibition:

Mean ODs;y Treated Well =~ Mean ODs7, Control wellx 100
The results expressed were the average values of three experiments (= SD). Reduction of MTT to
formazan crystals is mediated by the mitochondrial enzyme succinate dehydrogenase cells in the

viable cells. The color of the formazan crystals that form after the reduction of MTT by viable
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cells indicates the level of cell viability and, hence, the cytotoxicity of the test compound. The
formazan crystals appear as purple or dark blue precipitates in viable cells. The number of viable
cells present in the culture directly correlates with the colour intensity. Conversely, a decrease in
colour intensity denotes a reduction in the number of viable cells, which in turn denotes an
increase in cytotoxicity. A complete absence of color indicates that all the cells in the culture

have died, and the test compound is highly cytotoxic to the cells.

3.3. Anti-TB activity using Alamar Blue Dye

3.3.1. Procedure

To assess the effectiveness of the compounds against Mycobacterium Tuberculosis, we utilized
the Microplate Alamar Blue assay, a reliable technique using a thermally stable reagent, which
exhibits a robust association with proportional and BACTEC radiometric methods. The process
entailed the use of sterile 96-well plates, where 200 puL of sterile deionized water was placed in
the outermost wells to prevent the medium from evaporating in the experimental wells during
incubation. In every well, 100 pL of Middlebrook 7H9 broth was added, and the compounds
were subsequently diluted directly on the plate, leading to a variety of final drug concentrations
assessed, ranging from 100 to 0.2 pg/mL. Subsequently, the plates were sealed using parafilm
and placed in an incubator at 37 °C for five days. Following the incubation period, a mixture of
Alamar Blue reagent and 10% tween 80 in a 1:1 ratio (25 pL) was added to each well and
incubated for an additional 24 hours. The color change within the wells was observed, where a
blue color signified the absence of bacterial growth, while a pink color indicated the presence of
bacterial growth. The MIC was defined as the minimum drug concentration that inhibited the

change from blue to pink, indicating the inhibition of bacterial growth [17, 18].

3.3.2. Standard Strain used
Mycobacteria tuberculosis (Vaccine strain, H37 RV strain): ATCC No- 27294.

3.4. DPPH Radical Scavenging Activity Assay

The evaluation of the ability of compounds to neutralize free radicals was carried out following a
previous study [19]. In this process, the compounds and standard antioxidant was introduced into
test tubes at concentrations of 10, 20, and 30 pg/mL. Subsequently, the total volume in each test
tube was adjusted to 600 pL by adding DMSO. To these solutions, 200 pL of a DPPH radical

solution was introduced. Following thorough mixing through vortexing, the samples were
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incubated for 30 minutes. Following the completion of the incubation period, absorbance
measurements were taken at 517 nm using a spectrophotometer. Reduced absorbance suggests
increased DPPH-radical scavenging activity. The following equation was used to calculate the
percentage inhibition:

DPPH radical scavenging = [(Ac-As)/Ac) 100]

Where 'Ac' represents the absorbance of the control and 'As' represents the absorbance of the
sample.

The positive control was L-ascorbic acid.

3.5. Computational Studies

3.5.1. Data Collection

Active synthetic organic compounds were drawn by chemdraw and saved in sdf format while
receptor DprE1 (PDB-ID: 4FEH), Polyketide synthase (Pks13) (PDB-ID: 5V3Y) and Protein
kinase B (PknB) (PDB-ID: 5U94) was downloaded from Protein Data bank in pdb format
(www.pdb.org/pdb).

3.5.2. Protein Preparation

Receptor  proteins were opened in discovery studio software, 2021
(https://discover.3ds.com/discovery-studio-visualizer-download) to remove undesired
substances. All the Hetaatom, water molecules, and bounded ligands were removed from the
protein; Hydrogen atoms were added and were saved as in pdb format [20].

3.5.3. Ligand Preparation

All synthetic drug candidate structures were drawn using Chemdraw and were saved in sdf
format so they were uploaded in Open Babel GUI and were converted into pdb format as well as
to smiles format for further study [21].

3.5.4. Molecular Docking

To evaluate the Drug-protein interaction of twelve organically synthetic drug compounds against
DprEl, Polyketide synthase (Pks13), and Protein kinase B (PknB) molecular docking approach
was applied using PyRx bioinformatics tool [22]. DprEl, Polyketide synthase (Pks13), and
Protein kinase B (PknB) as receptor proteins were uploaded in PyRx one-by-one and were
converted into a macromolecule. Using the Open Babel window, all ligand molecules were
uploaded; the energy was minimized and was then converted into pdbqt format. Docking was run

after creating a grad box using vina wizard. The grad box dimension for Protein kinase B (PknB)
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X: 62.7592, Y: 48.9203, Z: 42.7956, for DprEl, X: 61.4444, Y: 60.1809, Z: 51.3220, and for
Polyketide synthase (Pks13) X: 68.0260, Y: 82.8894, Z: 71.4195 were followed. Discovery
studio 2021 was used for results visualization including 2D structure, hydrogen bonding, and
other type of bonds [23].

3.5.5. Drug-Likeness and ADME

SwissADME online software (http://www.swissadme.ch/) was used for checking drug-likeness
and also for ADME analysis. ADME is absorption, distribution, metabolism, and excretion [24].
Canonical smiles of ligand compounds were retrieved from PubChem and were pasted in
swissADME to analyze drug-likeness and ADME parameters.

3.5.6. Toxicity

Canonical smiles of all the ligands were retrieved from PubChem database and were pasted one-

by-one in Protox-II online web server (http:/tox.charite.de/protox II) and admetSAR
(http://lImmd.ecust.edu.cn/admetsar2) for toxicity determination [25]. Protox-II online and
admetSAR were run to check hepatotoxicity, mutagenicity and cytotoxicity, AMES toxicity,
carcinogenicity, and acute oral toxicity of the compounds.

3.5.7. Molecular Dynamics Simulation

MDS Studies can provide a valuable means to attain insights into the intricate protein-ligand
binding behaviour, a critical aspect in the field of drug design and discovery, serving as an
effective current technological tool in medicinal chemistry. Therefore, the lead compounds from
docking studies, 5a, 5f, and 5g were next exposed to MDS for 100 ns using GROMACS 2021.3
[26], carried out in the same way as previously reported by K. Jangid [27]. CHARMM?36-
Mar2019 force field was employed to construct the complex topology, using the TIP3P model
for water solvation. The design of the water box aimed to encompass a distance of at least 1.5 nm
beyond the protein's surface. To maintain system neutrality, counter ions (Na+ and Cl-) were
added as needed to balance the composition of the system, which included both the protein and
the ligand. Subsequently, three consecutive steps, viz. energy minimization, NVT equilibration,
and NPT equilibration, were executed to reduce the system's overall energy and stabilize it.
Initially, the process commenced with energy minimization using the steepest descent algorithm,
followed by NVT equilibration lasting 500 ps. During this equilibration, the protein was
restrained, and a constant temperature of 310 K was maintained by employing the velocity-

rescaling algorithm with a coupling constant of 0.1 ps. The system was subjected to NPT

87



equilibration for 500 ps at a pressure of 1 bar, employing the Berendsen barostat algorithm with
a coupling constant of 1 ps [28]. Finally, the conclusive 100 ns of MD production were executed.
In the meantime, the simulation process utilized a consistent time step of 2 fs. The LINCS
algorithm was utilized to impose constraints on bond lengths [29]. Furthermore, the PME method
was employed, employing a cut-off radius of 1.2 nm and a grid spacing of 0.16 nm. Furthermore,
the Van der Waals cut-off distance was established at 1 nm. Using the GROMACS analytic tools
like RMS, gyrate, and RMSF, for RMSD, the RGy, and RMSF were computed respectively to
analyze the trajectory [30].
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CHAPTER-4

Design, Synthesis, and Unraveling the Antibacterial and
Antibiofilm Potential of 2-Azidobenzothiazoles: Insights from
a Comprehensive in Vitro Study

93



4.1. Introduction

Aromatic azides are most frequently used as reagents for the photoaffinity labeling of
biomolecules despite their unusual uses in synthetic organic chemistry. A relatively small
number of transformations are used to synthesize aryl azides. This chemistry, while helpful for
relatively straightforward ligands, is not necessarily permissive to additional functional groups. It
has been investigated to use other techniques, such as p-tosylazide reacting with lithium reagents
or aryl Grignard made from the appropriate aryl halides. Similarly to this, it has been
demonstrated that p-tosylazide can react with aryl amide salts to produce the required azides.
The general application of this transformation has been constrained by somewhat harsh
conditions. In contrast to aromatic azides, aliphatic azides can be made using a variety of ways.
A high-yielding reaction with triflyl azide can easily transform aliphatic amines into the
corresponding azides, apart from simple substitution reactions utilizing the azide ion and
different electrophiles (TfN3). This reaction, recently popularized by Wong, has drawn a lot of
attention and found several uses. It has been discovered that aryl azides can be produced from
organoboron compounds employing a copper (II) catalyst. The diazotization of [ArN;] [BF4]
salts immobilized in [BMIM][PF¢] ionic liquid is an effective way to produce azido-derivatives.
However, only a small number of transformations are used in the synthesis of aryl azides. They
are frequently made from the equivalent amines using the diazonium salts of those amines.
Depending on whether or not there are incompatible functional groups present, this could
occasionally be an issue. Alternative approaches have been researched, such as interactions
between organometallic aryls and p-tosyl azides, which have been studied (derived from the
corresponding aryl halide). More recently, Liu and Tor have successfully prepared aryl azides
using Wong's (TfN3) technique. Even though it works, this approach has several shortcomings.
First, the highly reactive Tf,0 is used. Second, it has been discovered that TfNj is explosive on
its own. Tertbutyl nitrite (~-BuONQO) and NaN3 have recently been reported to be used in the
synthesis of aromatic azides by Das et al. Phenyl hydrazine derivatives can also be used as a
starting material in various processes to produce aromatic azides. Using diazonium salt and
sulfonamide, Dutt ef al. described the synthesis of aryl azide; however, a significant drawback of
this technique is the production of sulfonic acid as a byproduct [1-8].

This study involves the design and synthesis of novel 2-azidobenzothiazoles, and their

subsequent evaluation for antibacterial efficacy and antioxidant activity. It represents an
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important contribution to the field of medicinal chemistry, highlighting the potential of 2-
azidobenzothiazoles as promising candidates for addressing bacterial infections and combating
oxidative stress-related conditions.

4.2. Results & Discussion

4.2.1. Chemistry

This study presents a simple approach for the synthesis of 2-azidobenzothiazoles through the
transformation of substituted 2-aminobenzothiazoles. The method involves the utilization of
sodium nitrite and sodium azide as key reagents under ambient reaction conditions (Scheme-
4.1). The introduction of azide groups into organic molecules, facilitated by sodium nitrite and
sodium azide, is a significant chemical transformation that opens doors to diverse
functionalization and subsequent applications. The mild reaction conditions employed, in
conjunction with these reagents, contribute to the synthesis's accessibility and potential
applicability across a range of substrates. The synthesis of 2-azidobenzothiazoles (Fig.-4.1) via
this methodology adds to the toolbox of functional group transformations. The ability to
incorporate azide functionality onto the benzothiazole scaffold is noteworthy due to the versatile
reactivity of azides, which can be harnessed for further derivatization and diversification of the
synthesized compounds. Additionally, the utilization of substituted 2-aminobenzothiazoles as
starting materials allows for the introduction of specific substituents that can influence the
resulting compound's properties and behaviors. The mild conditions employed in this synthesis
are advantageous for maintaining the integrity of sensitive functional groups and minimizing
unwanted side reactions. This feature is particularly beneficial when working with complex or
delicate molecules, where harsher conditions might lead to undesired chemical transformations
or yield losses. Further analysis of the equal amounts of sodium nitrite, sodium acetate, and
sodium azide necessary for the reaction revealed that 4 equivalents of each were suitable to
achieve the desired product in high yields. The synthesis of 2-azidobenzothiazoles in an isolated
yield of 80-95% results from the smooth, rapid, and quantitative progression of the reaction. It is
evident that both EDG and EWG are acceptable for this transformation and produced high yields
of the intended product in 1 hour, demonstrating the further scope of the reaction. It was
intriguing to learn that free ester and halogen groups might withstand the conditions of a reaction

without producing hydrazide.
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The choice of substituents and substitution patterns in the synthesis of 2-azidobenzothiazoles, as
well as the subsequent antibacterial activity studies, seems to be guided by specific factors aimed
at enhancing the antibacterial potential of the compounds while minimizing cytotoxicity. The
selection of certain substituents and substitution patterns has been inspired by previous studies or
analogs that have shown promising antimicrobial activities. The presence of EWG like -NO- at
the Meta position increases the antibacterial activity by influencing interactions with bacterial
targets. In this context, the introduction of a -NO: group on the benzothiazole ring might enhance
antibacterial potential. Replacement of the meta substituent of benzothiazole ring with methoxy
group (2b), carboxylate (2¢), hydrogen (2e), or ethoxy (2g) decreased the activity. Conversely,
introducing a 4, 6-difluoro group (2a) on the benzothiazole ring did not show any enhancement
in the activity. Furthermore, the activity is not significantly influenced by the halogen group
positioned ortho to the benzothiazole ring and the presence of a methyl group at the para
position. The capability of 2-azido-6-nitro-benzothiazole to inhibit biofilm formation is
noteworthy. This indicates potential interference with bacterial adhesion and colonization, an
important factor in bacterial pathogenicity. The study's focus on extended exposure of a human
cell line (Human Embryonic Kidney-293) to higher concentrations of 2-azido-6-nitro-
benzothiazole suggests an attempt to determine the compound's selectivity for bacterial cells
over human cells. The fact that the compound demonstrates selective cytotoxicity towards

bacterial cells even at higher concentrations is promising for potential therapeutic applications.

H,O/HCl

N N
R _@: S—NH, NaNO, NaOAc.NaN; o Y—n,
S rt,lh S

1a-h 2a-h

R = H; 6-NO,; 6-OCHj; 6-OC,Hs; 5-Br; 4-CHj; 6-COOE; 4,6-F

Scheme-4.1: 2-aminobenzothiazoles converted into 2-azidobenzothiazoles using sodium nitrite
and sodium azide.
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Fig.-4.1: Depiction of the synthesized 2-azidobenzothiazoles.

Reaction conditions: Substrate (0.5mmol, 1equiv), NaNO, (2mmol, 4equiv), NaOAc (2mmol, 4equiv), NaN; (2mmol,

dequiv), H;O/HCI, r.t., 1 h.

Isolated yield and structure were confirmed by comparison of IR, mp, MS, and ' H NMR.

(Note: Although we have not experienced any problem in handling this compound, precautions should be taken due

to its explosive nature)
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Fig.-4.2: Mechanistic pathway for the synthesis of 2-azidobenzithiazoles (2a-h).

4.2.2. In vitro Antibacterial Activity
4.2.2.1. Minimum Inhibitory Concentration (MIC)
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The antibacterial activity and MIC of all the synthesized compounds were evaluated using the
Broth Micro dilution technique as described in the methodology. All the synthesized compounds
were evaluated for their antibacterial effectiveness against the American Type Culture Collection
(ATTC) strains of S. aureus, E. faecalis, B. cereus, K. pneumoniae, P. aeruginosa and E. coli
and clinical isolates of MRSA and MDRE. It was found that compound 2d showed good
antibacterial activity against the Gram (+) bacterial strains. It was elucidated that the compounds
are more active against the Gram (+) bacterial strains, E. faecalis, and S. aureus with MIC of 8
pg/mL (Table 4.1). However, it was moderately active against Gram (-) bacteria P. aeruginosa
and Gram (+) bacteria B. cereus with a MIC value of 64 ng/mL. Substantially the compound
displayed activity even against the Resistant strains, MRSA, and MDR E. coli of clinical origin
with a MIC value of 128 pg/mL (Table 4.1, 4.2). These results were found to be consistent with
several other benzothiazole derivatives, which inhibited the growth of Gram (+) and Gram (-)
bacteria [9]. The MIC values of control drugs against the bacterial strains were also similar to the

range given by CSLI.

Table 4.1: MIC (ng/mL) of the compounds and antibiotics tested against Gram (+) bacterial
strains. Amikacin (AMK), Streptomycin (STR) and Ciprofloxacin (CIP) were used as controls.

S. No. Compound S. aureus E. faecalis B. cereus MRSA
1 2a 128 64 128 128
2 2b 128 128 128 128
3 2c 64 64 128 128
4 2d 8 8 64 128
5 2e 128 32 64 128
6 2f 128 >128 128 128
7 2g 128 128 128 128
8 2h 128 128 128 128
9 AMK 2.5 2.5 1.25 >128
10 STR 2.5 2.5 2.5 >128
11 CIP 1.25 0.3125 2.5 >128
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Table 4.2: MIC (ug/mL) of the compounds and antibiotics tested against Gram (-) bacterial
strains. Amikacin (AMK), Streptomycin (STR) and Ciprofloxacin (CIP) were used as controls.

S. No. Compound P. K E. coli MDR E.
aeruginosa | pneumoniae Coli
1 2a 128 128 128 128
2 2b 128 64 64 128
3 2c 128 128 64 128
4 2d 64 128 128 128
5 2e 64 128 128 128
6 2f 128 128 128 128
7 2g 128 128 128 128
8 2h 128 128 128 128
9 AMK 2.5 2.5 2.5 >128
10 STR 2.5 2.5 2.5 >128
11 CIp 5 1.25 0.015 >128

(a) Staphylococcus aureus (b) Enterococcus faecalis

(2d) MIC- 8 pg/mL (2d) MIC- 8 pg/mL
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(¢) Bacillus cereus (d) Methicillin Resistant S. aureus

(2d) MIC - 64 pg/mL (2d) MIC - 128 pg/mL

Fig.-4.3: Minimum inhibitory concentration of 2d, STR, AMK, and CIP against Gram (+)
bacteria, (a) S. aureus, (b) E. faecalis, (c) B. cereus and (d) Methicillin Resistant S. aureus. CIP

(Represented by red-circled wells showing no visible growth compared to growth control well).

s

¥

(a) Escherichia coli (b) Pseudomonas aeruginosa

(2d) MIC- 128 pg/mL (2d) MIC- 64 pg/mL
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(¢) Klebsiella pneumoniae (d) Multi-Drug Resistant E. coli
(2d) MIC- 128 pg/mL (2d) MIC- 128 pg/mL

Fig.-4.4: Minimum inhibitory concentration of 2d, STR, AMK, and CIP against Gram (-)
bacteria, E. coli, P. aeruginosa, K. pneumoniae, and Multi-Drug Resistant E. coli. (Represented

by red-circled wells showing no visible growth compared to growth control well).
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Spectrophotometric Analysis: Figure showing percentage inhibition in growth of Gram

(+) and Gram (-) bacteria in the presence of antibacterial compounds and concentrations at which

50% of the growth is inhibited by comparing with OD600 of growth control wells. (%)

calculated by taking the mean of 3 OD values.

4.2.2.2. Minimum Bactericidal Concentration (MBC)
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As MIC only measures the ability of antimicrobial agents to inhibit bacterial growth, we
performed an MBC assay which determines the lowest concentration of antimicrobial compound
that can kill 99.9% of bacterial cells. MBC is required by regulatory agencies for approval of
new antimicrobials. The MBC of the series of compounds 2a-h was assessed against the Gram
(+) bacterial strains E. faecalis and S. aureus as the compounds exhibited comparatively better
MIC values against these strains compared to other strains. The MBC values must not be more
than four times the MIC, which is consistent with our results [10]. For both S. aureus and E.
faecalis MBC of the lead compound 2d, was equal to 2xMIC ie., 16 pg/mL. The other
compounds tested had bactericidal effects (led to 99.9% killing) rather than bacteriostatic effects,
with MBC values of 128 pg/mL. Compound 2a showed bactericidal activity at 2xMIC (128
pg/mL) against E. faecalis. Compound 2b exhibited bactericidal activity at its MIC values,
indicating their potential as promising antimicrobial agents that can effectively inhibit and kill
bacterial pathogens. 2¢ showed bactericidal potential against both Gram (+) bacteria at 2xMIC.
2e showed bactericidal potential only against E. faecalis at 4x MIC. Ampicillin was used as a
control drug and its MIC and MBC values against S. aureus were found to be 4 and 8 pg/mL and
for E. faecalis the MIC and MBC values were 2 and 4 pg/mL. Negative controls for both strains,
devoid of compounds were used to validate the CFU counts. CFU enumeration indicated a 3-log
reduction, 99.9% killing in both Gram (+) bacteria compared to the CFU count of Growth
control which is indicative of the MBC. Overall, these findings suggest that the tested
compounds have potent bactericidal activity against E. faecalis and S. aureus, which could be
crucial in eradicating bacterial infections. The MBC values obtained after the enumeration of the

CFU/mL are given in Table 4.3.

Table 4.3: MBC (ng/mL) of 2-azidobenzothiazoles against S. aureus and E. faecalis.

S. No. Compound E. faecalis S. aureus
1 2a 128 128
2 2b 128 128
3 2c 128 128
4 2d 16 16
5 2e 128 >128
6 2f 128 128
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7 2g 128 128

8 2h 128 128

9 Ampicillin 4 8

(c) (d)
Fig.-4.6: Result of CFU enumeration of E. faecalis on nutrient agar plates after incubation for 24
hours at 37 °C (a) untreated control plates (b) 2a treated plates (MIC) (c) 2b treated (MIC) (d) 2e
(2x) MIC treated plates showing 99.9% killing (more than 3 log reduction in CFU count)

compared to untreated.

@) (b)
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Fig.-4.7: Result of CFU enumeration as represented by circular colonies of S. aureus on nutrient
agar plates after incubation for 24 hours at 37 °C (a) untreated control plates (b) 2d treated plates
(MIC) (c) 2d treated plates showing 99.9% killing (more than 3 log reduction in CFU count)
compared to untreated (d) Ampicillin treated (2x) MIC.

() @
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Fig.-4.8: Result of CFU enumeration as represented by circular colonies of E. faecalis on
nutrient agar plates after incubation for 24 hours at 37 °C (a) untreated control plates (b) 2d
treated plates (MIC) (c) 2d treated plates showing 99.9% Kkilling(more than 3 log reduction in
CFU count) compared to untreated (d) Ampicillin treated (2x) MIC.

4.2.2.3. Time-Kill Kinetics

To study the dynamics of in vitro activity, we assessed the kill curve kinetics of our lead
compound 2d against S. aureus and E. faecalis at concentrations of MIC (8 pg/mL), 2xMIC (16
pg/mL) and 4xMIC (32 pg/mL) for 24 hours at seven-time points (0, 4, 8, 12, 16, 20 and 24

hours of exposure) using the two methods as described in methodology.

4.2.2.3.1. Assessment of 24-Hour Time-Kill Kinetics via CFU/mL Evaluation

Staphylococcus aureus

Fig.-4.9a represents the time-kill curve of compound 2d against S. aureus at different
concentrations (MIC, 2xMIC, and 4xMIC) at the given time points, compared to ampicillin
(2xAMP) and growth control (GC). The colonies were counted and converted into logl0 values
in Excel. At time zero, all cultures showed similar bacterial counts ranging from 5.08 to 5.10
logl0 CFU/mL. As time progressed, the bacterial counts decreased in all cultures except GC.
The compound 2d at 4xMIC showed the most potent activity, reducing the bacterial counts to
0.08 logl0 CFU/mL after 12 hours of incubation (more than 3 log reductions). In comparison, at
2xMIC, compound 2d reduced the bacterial counts to 0.4 logl0 CFU/mL within 16 hours, and at
MIC, the reduction was modest, with bacterial counts remaining at 2.403 logl0 CFU/mL after 24
hours of incubation indicating the bacteriostatic nature of the compound at a lower concentration.
When comparing the activity of compound 2d to ampicillin (2xAMP), the results showed that at
4xMIC and 2xAMP, the bacterial counts reduced to similar levels after 12 hours of incubation.
Moreover, at the time interval of 4-12 hours maximum killing was observed at all three
concentrations. In conclusion, compound 2d showed a concentration-dependent as well as time-
dependent bactericidal activity against S. aureus, with the highest bactericidal activity observed

at 4xMIC within 12 hours.
Enterococcus faecalis

Fig.-4.9b represents the time-kill curve of E. faecalis, with various concentrations of 2d, MIC,

2xMIC, 4xMIC, and 2xAMP at different time points. The bacteria appear to be highly
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susceptible to the compound as evidenced by the significant decrease in the growth rate at higher
concentrations over time. After an interval of 4 hrs, a significant reduction in the growth rate was
observed at all concentrations (approximately 2-log reduction across all concentrations). After 8
hours, there was a significant decrease in CFU/mL count, at higher concentrations of 2x and
4xMIC, while as for MIC the activity remained static. 4xMIC exhibited bactericidal activity
achieving 99.9% killing within 8 hours. At MIC the compound exhibited a bacteriostatic activity
at all time points. At 2xMIC the bactericidal activity was achieved after 12 hours which is
similar to that of Ampicillin. The results suggest that E. faecalis was highly susceptible to the
compound at higher concentrations and the bactericidal effect was observed at 2xMIC and
4xMIC within 12 and 8 hours respectively. Overall, we can deduce from the results that the

activity of compound 2d is concentration-dependent as well as time-dependent killing.

Time Kill Curve of 2d - Staphylococcus aureus Time Kill Curve of 2d- Enterococcus faecalis

9+ 8-

8- - GC 74 — -~ GC
= 7 0= X MIC = - XMiC
£ 7 E 6
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Fig.-4.9: Time-kill curves of compound 2d. The killing activity of 2d against two bacteria
against two bacterial strains S. aureus (A) and E. faecalis (B) monitored for 24 hours by the CFU
enumeration method. The compound concentrations used in the experiment were MIC (green),
2xMIC (pink), and 4xMIC (blue). Ampicillin indicated by the yellow line was used as a positive
control. For negative control (Black line), the cultures were incubated under similar conditions

without any drug.

4.2.2.3.2. Evaluation of Time-Kill Kinetics based on MTT-reduction on a 360-Minute Scale
To ascertain whether the impact of compound 2d on the growth of S. aureus and E. faecalis is
dose-dependent, the time-kill kinetic assay was carried out using MTT on the minute scale as
described in the methodology. Both the bacterial strains were incubated individually with

compound 2d at its final concentration of MIC, 2xMIC, and 4xMIC. The optical density of the
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cultures was recorded at time intervals of 60 minutes. It is clear from Fig.-4.10 that the

compound showed bactericidal activity against both strains in a dose-dependent manner. The

killing pattern of compound 2d against S. aureus was comparable to that of Streptomycin with

over 75% of bacterial death within 4 hours of the treatment. For E. faecalis, however, the

compound showed a similar rate of death after 2 hours of treatment compared to Streptomycin.

Kill Kinetics of 2d aganist Staphylococcus aureus
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Fig.-4.10: The killing activity of 2d against two bacterial strains S. aureus (a) and E. faecalis (b)

was monitored for 360 minutes. The compound concentrations used in the experiment were MIC

(Black), 2xMIC (Green), and 4xMIC (Yellow). Streptomycin (STR) indicated by the Blue line

was used as a positive control. For negative control (Red line), the cultures were incubated under

similar conditions without any drug.
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Fig.-4.11: 2d treated cells unable to convert MTT into formazan crystals due to the absence of a

dehydrogenase system of viable cells compared to untreated cells (GC).

4.2.2.4. Post-Antibiotic Effect (PAE)

To investigate the effect of compound 2d, post its withdrawal, and assess whether the
suppression in the growth of bacterial cells, S. aureus and E. faecalis persist after this brief
exposure, the PAE was calculated. The determination of PAE was derived using the viable count
method as described. S. aureus and E. faecalis were individually treated with MIC (8 pg/mL),
2xMIC (16 pg/mL), and 4xMIC (32 pg/mL) concentrations of the compound 2d and MIC of
Ampicillin for 2 hours. The growth was monitored by CFU enumeration after a time interval of 1
hour. The PAE results represented here are determined at a higher inoculum size of 1x10°
CFU/mL as against the routine inoculum size of 1x10° CFU/mL more commonly used for
susceptibility testing (MIC). To avoid the ambiguity in PAE results owing to the higher
inoculum effect, MIC assay was first performed at a higher inoculum size (1x10° CFU/mL) to
select the correct concentrations of antibacterial agents (2d & AMP) for PAE determination. No
change in MIC of 2d as well as Ampicillin was determined at higher inoculum size. PAE was

calculated using the formula: PAE= T-C as described in the methodology.

Staphylococcus aureus

The cells took an average of 5.33 hours to increase their CFU by 1 log;o post-withdrawal of
compound 2d, irrespective of the concentration of compound 2d. After treatment and removal of
8 and 32 pg/mL of 2d, the growth was suppressed for around 6 hours. The recovery period after
2d treatment was almost identical to that of MIC of Ampicillin treatment. The PAE results
indicate that compound 2d, at concentrations ranging from 8, 16, and 32 pg/mL, demonstrates a
significant and sustained inhibitory effect on bacterial regrowth even after the removal of the
antibiotic. The consistent PAE duration across the tested concentrations suggests that compound
2d exhibits a concentration-independent PAE (Table 4.4).

Enterococcus faecalis

In the case of E. faecalis, the cells took an average of 5.66 hours to increase their CFU by 1 log)o
post-withdrawal of compound 2d, which was comparable to that of Ampicillin. In this case, the

results indicate that the post-compound effect is independent of drug concentration as there is not
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much variation in the time taken by the bacteria to increase their CFU by I log)o at all three
concentrations tested (Table 4.5).

The results reveal that both S. aureus and E. faecalis exhibited similar post-treatment growth
characteristics in response to compound 2d. The average time required for a 1 logl0 CFU
increase was 5.33 hours (+ 0.577) for S. aureus and 5.66 hours (= 0.617) for E. faecalis when
treated with MIC, 2xMIC, and 4xMIC concentrations of compound 2d (Fig.-4.12). These results
suggest a consistent and predictable post-treatment effect independent of the drug concentration,
indicating the potential effectiveness of compound 2d. The sustained inhibitory effect of
concentration-independent PAE can reduce the selection pressure for antibiotic-resistant
bacterial strains. By maintaining a prolonged suppression of bacterial growth even after sub-MIC
levels, the development and spread of resistance mechanisms may be hindered, preserving the
effectiveness of the antibiotic over an extended period. Concentration-independent PAE offers
advantages in terms of flexibility in dosing, extended suppression of bacterial regrowth, reduced
resistance development, and optimized antibiotic therapy. These benefits contribute to the

potential improvement in treatment outcomes and the management of bacterial infections.
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Fig.-4.12: Post-antibiotic effect of compound 2d at various concentrations against (a) S. aureus
(b) E. faecalis indicating the time points at which a 1 logl0 CFU/ml increase was observed for S.
aureus and E. faecalis after a brief exposure (2 hours) to compound 2d at different

concentrations (X, 2x, and 4xMIC) and subsequent removal of the antimicrobial agent.
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Table 4.4: Post-antibiotic activity of 2d at MIC, 2xMIC, and 4xMIC and Ampicillin against S.

aureus.
Compound MIC Time (hours) PAE=T-C
1x 6 5.00
2d 2x 7 6.00
4x 6 5.00
Ampicillin 2x 6 5.00

The culture controls took, C= 1.00 hours to grow in the absence of the antimicrobial agent.

The average of the PAE of 2d at different concentrations was around 5.33 hours

Table 4.5: Post-antibiotic activity of 2d at MIC, 2xMIC, and 4xMIC and Ampicillin against E.

faecalis.
Compound MIC Time (hours) PAE=T-C
1x 7 5.00
2d 2x 8 6.00
4x 8 6.00
Ampicillin 2x 8 6.00

The culture controls took, C= 2 hours to grow in the absence of the antimicrobial agent.

The average of the PAE of 2d at different concentrations was around 5.66 hours

4.2.2.5. Fluorescent Microscopy

To further explore the mechanism by which the compound targeted the bacterial cells,
fluorescent microscopy was performed on the bacterial cells treated with the compound. Post 2d
treatment, E. faecalis, and S. aureus were treated with two fluorescent dyes 4', 6-diamidino-2-
phenylindole (DAPI), and propidium iodide (PI). DAPI is a fluorescent dye that binds to DNA
and emits blue fluorescence upon excitation by ultraviolet light and PI is also a fluorescent dye
that binds to DNA, but it emits red fluorescence upon excitation by ultraviolet light. PI is a

membrane-impermeable DNA-binding fluorescent dye whereas DAPI is a membrane-permeable
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DNA-binding dye. PI only enters cells with compromised membranes and stains the nucleic acid
of dead cells. DAPI is permeable to the cell wall and fluoresces upon binding to chromosomal
DNA, whether the cells are dead or alive. For control, the cells were treated with DAPI and PI
without prior treatment with compound 2d. The DAPI/PI staining results revealed the presence
of red fluorescence in both S. aureus and E. faecalis bacterial strains. The red fluorescence
observed in the bacterial cells indicates the uptake and binding of PI, suggesting compromised
cell membrane integrity. This red fluorescence was visually distinguishable from the blue
fluorescence emitted by DAPI, which stains the DNA of both live and dead bacteria. The
identification of compromised membrane integrity is of significance as it can indicate the
susceptibility of S. aureus and E. faecalis strains to antimicrobial treatments. The presence of red
fluorescence provides evidence of cell damage and potential loss of viability, suggesting that
these strains may be more susceptible to the effects of 2d targeting the cell membrane. From
Figs.-4.13A & 4.13B, it is evident that the antibacterial activity of compound 2d was due to
damage to the cell wall of the bacterial cells. These findings suggest that compound 2d targets
the cell wall of bacterial cells, leading to compromised membrane integrity and ultimately cell
death.

Conducting cell membrane-related studies on synthesized derivatives is a reasonable approach to
understanding their mechanisms of action. The cell membrane has a pivotal function in
regulating the passage of molecules and ions in and out of the cell, as well as in cell signaling
and communication. Therefore, studying how the synthesized derivatives interact with the cell
membrane can offer valuable insights into their potential mechanisms of action. However, we
understand it is worth emphasizing that cell membrane-related studies alone may not provide a
comprehensive understanding of the mechanisms of action of the synthesized derivatives. There
could be additional mechanisms involved in their effects on cell viability that are independent of
the cell membrane but DAPI and PI are commonly used fluorescent dyes that can be used to
assess cell viability and membrane integrity. DAPI stains the nuclei of both live and dead cells,
while PI is excluded from live cells but stains the DNA of dead or damaged cells with
compromised membrane integrity. DAPI/PI staining allows for the differentiation between live
cells (DAPI-positive, PI-negative). By using DAPI/PI staining, we wanted to assess the overall
cell viability and determine whether the synthesized derivative has any detrimental effects on

cell membrane integrity, which may lead to cell death.
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Fig.-4.13: (A) Fluorescent images of S. aureus: The untreated cells were stained with DAPI and

Control

(B)

2d Treated

PI and visualized under a fluorescent microscope. The photographed images of cells for DAPI
(a) and PI (b) were merged (c). Under similar conditions 2d (2x) treated S. aureus cells were
photographed for DAPI (d) and PI (e) and the images were merged using Image (f); (B)
Fluorescent microscopy images of E. faecalis: The untreated cells were stained with DAPI and
PI and visualized under a fluorescent microscope (Magnus). The photographed images of cells
for DAPI (a) and PI (b) were merged (c). Under similar conditions, 2d (2x) treated E. faecalis
cells were photographed for DAPI (d) and PI (e), and the images were merged using Image (f).
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4.2.2.6. Biofilm Inhibition Assay

The compound 2d, with the strong antibacterial activity, was tested against American Type
Culture Collection (ATCC) strains of biofilm-forming Gram (+) bacteria, S. aureus, E. faecalis,
B. cereus and Gram (-) bacteria, E. coli, P. aeruginosa, K. pneumoniae. The Quantitative
assessment of biofilm inhibition was done by calculating the percentage inhibition of the
compound through spectrophotometric analysis for each bacterial strain by Microtiter Plate
Biofilm Assay. The Quantitative assessment of biofilm inhibition was done by calculating the
percentage inhibition of the compound through spectrophotometric analysis for each bacterial
strain by Microtiter Plate Biofilm Assay. The Qualitative assessment was done by CV staining
and visualization under the microscope. The percentage of biofilm inhibition was quantified by
spectrophotometric analysis by taking the mean of three OD values (£ SD) of [aqueous] acetic

acid solubilized crystal-violet stained biofilms using the formula:
[100-(Treated OD470nm + Growth Control OD470nm) x100]

The percentage of biofilm inhibition was determined at various concentrations of compound 2d
(0.25-128 pg/mL), and the values reported are the means of three optical density (OD)
measurements to ensure more reliable and accurate results. Compound 2d exhibited significant
biofilm inhibitory activity against all tested bacterial strains in a concentration-dependent
manner. The percentage of biofilm inhibition varied across different concentrations and bacterial
species. For S. aureus, compound 2d displayed increasing biofilm inhibition percentages with
higher concentrations. At the highest tested concentration of 128 pg/mL, the biofilm inhibition
was 70.30%. Similarly, for E. faecalis, the biofilm inhibition reached 73.04% at the same
concentration. B. cereus showed a distinct trend, with biofilm inhibition percentages of 61.23%
and 53.09% at the highest concentration (128 pg/mL) and half that concentration (64 pg/mL),
respectively. However, the inhibitory effect decreased significantly at lower concentrations.
Among the Gram (-) bacteria, Pseudomonas aeruginosa demonstrated substantial biofilm
inhibition, with percentages ranging from 62.07% at 128 pg/mL to 35.47% at 0.25 pg/mL. E.
coli and K. pneumoniae exhibited lower biofilm inhibition percentages, ranging from 19.73% to
49.41% and from 14.07% to 45.59%, respectively, across the tested concentrations. Overall,

these results indicate that compound 2d possesses significant biofilm inhibitory activity against a
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range of biofilm-forming bacterial strains with the most significant inhibitory potential against S.
aureus and E. faecalis.

The percentage of biofilm inhibition at different concentrations of compound 2d was consistent
with the qualitative analysis conducted using light microscopy. Microscopic examination
revealed disrupted biofilm architecture and reduced biofilm biomass in the presence of
compound 2d, supporting the quantitative findings. The microscopic analysis provided visual
confirmation of the biofilm inhibitory potential of compound 2d. The growth control revealed a
thick and compact biofilm structure, indicating the successful formation of mature biofilms by
the tested bacterial strains. In contrast, the microscopic images of the biofilms treated with
compound 2d at different concentrations displayed notable differences compared to the growth
control. The biofilms exposed to compound 2d exhibited reduced biomass and disrupted biofilm
architecture. The qualitative analysis corroborated the quantitative results, confirming that
compound 2d has a significant impact on biofilm formation across different bacterial strains. The
visual evidence of reduced biomass and disrupted biofilm architecture shown in the figures at
various concentrations supports the notion that compound 2d interferes with the crucial steps of

biofilm development (Figs.-4.14-4.17).
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Fig.-4.14: Quantitative analysis of biofilm percentage inhibition- (A) S. aureus, (B) E. faecalis;

(C) B. cereus, (D) E. coli; (E) P. aeruginosa, (F) K. pneumoniae.
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Fig.-4.15: (A) Light microscopic images of biofilm (10x- Magnus) in S. aureus at (a) GC (b) 4
pg/mL (¢) 8 pg/mL (d) 16 pg/mL (e) 32 pg/mL (f) 64 pg/ml (g) 128 pg/ml treated wells (h) MC;
(B) Light microscopic images of biofilm (10x- Magnus) in E. faecalis at (a) GC (b) 4 pg/mL (c)
8 ug/mL (d) 16 pg/mL (e) 32 pg/mL (f) 64 pg/mL (g) 128 pg/mL treated wells (h) MC.

117



Fig.-4.16: (A) Light microscopic images of biofilm (10x- Magnus) in B. cereus at (a) GC (b) 4
pg/mL (c) 16 pg/mL (d) 32 pg/mL (e) 128 pg/mL (f) MC; (B) Light microscopic images of
biofilm (10x- Magnus) in E. coli at (a) GC (b) 4 pug/mL (c) 8 pg/mL (d) 16 pg/mL (e) 32 pg/mL
(f) 64 pg/mL (g) 128 pg/mL treated wells (h) MC.

118



- .
L8 L -
e
| c d\ b
' ;

ECE |
(A)

Fig.-4.17: (A) Light microscopic images of biofilm (10x- Magnus) in P. aeruginosa at (a) GC
(b) 4 pg/mL(c) 8 ug/mL (d) 16 pg/mL (e) 32 pg/mL (f) 64 ng/mL (g) 128 ng/mL treated wells
(h) MC; (B) Light microscopic images of biofilm (10x- Magnus) in K. pneumoniae at (a) GC (b)
4 ng/mL(c) 8 pg/mL (d) 16 pg/mL (e) 32 pg/mL (f) 64 ng/mL (g) 128 ug/mL treated wells (h)
MC.

4.2.2.7. Biofilm Eradication Assay

The compound 2d exhibited strong biofilm inhibition potential against both E. faecalis and S.
aureus prompting the evaluation of Biofilm Eradication potential against these two strains. The
antibiofilm effect of the compound was evaluated both qualitatively and quantitatively by Light
Microscopy and Crystal Violet method at concentrations 8, 16, 32, 64, and 128 pg/mL to
evaluate the effect of the compound on various stages of biofilm formed at 24, 48 and 72 hours.
Light microscopic images revealed that the growth control wells exhibited significant biofilm

formation at all three-time points. At 24 hours, cell attachment was observed, followed by cell
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aggregation at 36 hours, and extensive biofilm formation or mat formation at 48 hours. However,
in wells incubated with compound 2d at different concentrations, non-aggregation of cells was
observed during all stages of biofilm formation for both bacterial strains. This indicates the
compound's ability to inhibit cell aggregation, a critical step in biofilm development.

This qualitative finding was further investigated with the crystal violet staining method by
comparing the absorbance between the growth control wells and the wells incubated with the
compound. The percentage of biofilm Eradication at various concentrations is shown (Figs.-
4.18A & 4.18B) which indicates a strong antibiofilm potential of the compound eradicating up to
more than 40% of the biofilm at all concentrations. The crystal violet staining method confirmed
the qualitative findings, demonstrating the compound’s antibiofilm potential. The absorbance
measurements showed that compound 2d eradicated over 40% of the biofilm at all tested
concentrations. Notably, at higher concentrations, the compound exhibited substantial
eradication potential against both E. faecalis and S. aureus, eliminating 70-77% of the preformed
biofilm at all three-time points. These results suggest that compound 2d has a strong biofilm
eradication capability. The qualitative and quantitative evaluation of biofilm eradication
correlated with each other. The eradication potential of the compound on the densely pre-biofilm
at 72 hours against both bacterial strains indicates that the compound can be a promising agent
for biofilm eradication. The quantitative evaluation of the percentage of biofilm eradication was
done as per the formula mentioned in the methodology and the results represented are the mean
values of the three OD readings taken for each concentration in different wells. The compound
effectively inhibited cell aggregation and eradicated preformed biofilms in a dose-dependent
manner.

The biofilm eradication percentages of compound 2d against 24-hour formed S. aureus biofilms
were found to be 59% at 8 pg/mL, 67% at 16 ng/mL, 69% at 32 ng/mL, 74% at 64 ng/mL, and
76% at 128 png/mL. For 48-hour biofilms, the eradication percentages were 59%, 65%, 70%,
71%, and 74% at the corresponding concentrations. In the case of mature biofilms formed for 72
hours, compound 2d exhibited eradication percentages of 50%, 54%, 62%, 68%, and 73% at the
respective concentrations.

The biofilm eradication percentages of compound 2d against 24-hour formed E. faecalis biofilms
were found to be 42% at 8 pg/mL, 52% at 16 ng/mL, 61% at 32 ng/mL, 69% at 64 ng/mL, and
72% at 128 pg/mL. For 48-hour biofilms, the eradication percentages were 58%, 59%, 67%,
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70%, and 72% at the corresponding concentrations. In the case of mature biofilms formed for 72
hours, compound 2d exhibited eradication percentages of 40%, 42%, 48%, 55%, and 66% at the
respective concentrations.

These values represent the mean average derived from three distinct experiments conducted
independently. The outcomes of this research underscore the strong antibiofilm efficacy of
compound 2d against S. aureus and E. faecalis. The compound exhibited remarkable efficacy in
eradicating biofilms at various time points and concentrations. Compound 2d effectively
eradicated a significant proportion of the 24-hour formed biofilms. Even at the lowest
concentration tested (8 pg/mL), the compound achieved a substantial eradication percentage. As
the concentration increased the eradication percentages also increased, reaching 72-76% at the
highest concentration (128 ng/mL). These findings highlight the concentration-dependent
efficacy of compound 2d in disrupting and eliminating early-stage S. aureus and E. faecalis
biofilms. Furthermore, compound 2d demonstrated consistent efficacy in eradicating biofilms
formed over 48 hours. The eradication percentages indicated its ability to penetrate and disrupt
biofilm structures at various concentrations. Notably, even at lower concentrations, the
compound achieved eradication percentages above 50-65%, demonstrating its potency against
established biofilms in both bacteria. Compound 2d also exhibited substantial efficacy in
eradicating mature biofilms formed over 72 hours. The eradication percentages ranged from 50%
to 73% for S. aureus and 40-66% for E. faecalis, indicating its ability to target and disrupt the
mature biofilm matrix. These results suggest that compound 2d possesses strong biofilm-
eradicating properties, even in the presence of a mature biofilm structure. The findings of this
study emphasize the capability of compound 2d to serve as a promising antibiofilm agent against
S. aureus and E. faecalis. The ability of the compound to significantly reduce biofilm density and
disrupt biofilm architecture is consistent with the qualitative observations made during the study.
The strong correlation between the qualitative and quantitative evaluations supports the
robustness of the antibiofilm activity of compound 2d. The compound effectively inhibited cell
adhesion, auto-aggregation, and mat formation, as observed under light microscopy. These
findings suggest that compound 2d may target key stages of biofilm development and inhibit
biofilm formation (Fig.-4.19-4.21).
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Fig.-4.18: Quantitative Analysis: Biofilm eradication percentage (A) S. aureus (B) E. faecalis at

different concentrations of compound 2d affecting the preformed 24-, 48- and 72-hour biofilms.
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Fig.-4.19: (A) Light microscopic images (20X) of biofilm eradication in 24 hour-preformed
biofilms of S. aureus by compound 2d, (a) GC-showing initial attachment to surface (devoid of
compound exhibiting biofilm formation after 24 hours) (b) 8 pg/mL (c) 16 pg/mL (d) 32 pg/mL
(e) 64 pg/mL (f) 128 pg/mL; (B) Biofilm of S. aureus by compound 2d, (a) GC-showing
aggregation of cells (devoid of compound exhibiting biofilm formation after 48 hours) (b) 8

pg/mL (c) 16 pg/mL (d) 32 pg/mL (e) 64 pg/mL (f) 128 pg/mL.
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Fig.-4.20: (A) Light microscopic images (20X) of biofilm eradication in 72 hour-preformed
biofilm of S.aureus by compound 2d, (a) GC-showing mat formation (devoid of compound
exhibiting biofilm formation after 72 hours) (b) 8 pg/mL (c) 16 pg/mL (d) 32 pg/mL (¢) 64
pg/mL (f) 128 pg/mL. (B) Light microscopic images (20X) of biofilm eradication in the 24-
hour-preformed biofilm of E. faecalis by compound 2d, (a) GC-showing initial attachment to the
surface (devoid of compound exhibiting biofilm formation after 24 hours) (b) 8 ng/mL (c) 16
pg/mL (d) 32 ug/mL (e) 64 pg/mL (f) 128 pg/mL.
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Fig.-4.21: (A) Light microscopic images (20X) of biofilm eradication in 48 hour-preformed
biofilm of E. faecalis by compound 2d, (a) GC-showing aggregation of cells (devoid of
compound exhibiting biofilm formation after 48 hours) (b) 8 pg/mL (c) 16 pg/mL (d) 32 pg/mL
(e) 64 pg/mL (f) 128 pg/mL. (B) Light microscopic images (20X) of biofilm eradication in 72
hour-preformed biofilm of E. faecalis by compound 2d, (a) GC-showing mat formation (devoid
of compound exhibiting biofilm formation after 72 hours) (b) 8 pg/mL (¢) 16 ug/mL (d) 32
pg/mL (e) 64 pg/mL (f) 128 pg/mL.

4.2.2.8. Cytotoxicity Assay
The MTT-based cell viability assay performed on HEK-293 verified that cells exposed to 2d

compound at varying concentrations for different time durations have a non-toxic effect on the
human embryonic kidney cell lines. The results of the MTT-based cell viability assay were
conducted on HEK-293 cells. Surprisingly, the findings indicate that the cells exposed to 2d
exhibited a non-toxic response, demonstrating higher percentages of viable cells even at higher
concentrations and longer exposure durations (Fig.-4.22). This suggests that the 2d compound is
cytocompatible and does not have a concentration- or time-dependent effect on cell viability.

The results from the MTT assay indicated that cell viability remained notably elevated, even
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within the higher concentration range of 16 to 128 pg/mL. The percentage of viability was

determined using the formula:
Mean OD570 Treated Well - Mean ODS70 Control wellx 100

The data presented in Table 6 demonstrate the favorable impact of the 2d compound on HEK-
293 cell viability. At the lowest concentration tested (4 pg/mL), the average viability percentages
remained consistently high across all concentration and time point combinations. At the highest
concentration tested (128 pug/mL), the average viability percentage after 72 hours of exposure
was 88.15 + 0.005774%, indicating that even at this relatively elevated concentration, the 2d
compound did not significantly compromise cell viability. This trend of high viability
percentages persisted throughout the experiment, irrespective of the exposure duration. It is
important to note that these results are specific to HEK-293 cells and should not be generalized

to other cell types without further experimentation.

Table 4.6: Percentage of HEK-293 cell viability after treatment with different concentrations 2d
for different time points (percentages expressed are the average values of three experiments +

SD).

Average Percentage of Viable Cells after Exposure with 2d for Different Time Durations

Conc. (ug/mL) 24 hours 48 hours 72 hours
4 99.96+2.532 98.59+ 0.501 99.52+0.001
8 97.62+0.475 96.85+1.269 95.35+0.010017
16 94.54+0.989 96.22+0.173 94.36+0.006429
32 90.30+0.557 91.74+0.289 88.48+0.002309
64 87.29+0.428 90.24+0.765 91.23+0.024664
128 85.32+0.164 87.06+0.153 88.15+0.005774
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Fig.-4.22: Graphical representation of the results of MTT cytotoxicity assay.

Fig.-4.23: 96-well plate showing cell lines with treated different concentrations of 2d for
different time points showing colour change on the addition of MTT (due to reduction of MTT to
formazan crystals) by viable cells indicating a non-toxic effect of the compound even at higher

concentrations.
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4.2.3. Assessment of Antioxidant Characteristics of Synthesized 2-azidobenzothiazoles

The DPPH radical scavenging assay is a widely used method to assess the antioxidant properties
of various chemical compounds. In this study, the antioxidant capabilities of 2-
azidobenzothiazoles were evaluated using this assay. The results indicated that these compounds
exhibited significant antioxidant activity across different concentrations of 10, 20, and 30 pg/mL.
This suggests that 2-azidobenzothiazoles have the potential to effectively scavenge free radicals,
thereby contributing to their potential use as antioxidants in various applications. The assessment
of antioxidant activity was based on the changes in the absorption behavior of the DPPH radical,
a stable free radical with a characteristic deep purple color. When this radical encounters an
antioxidant, it undergoes a reduction in its free radical form, leading to a change in color from
purple to pale yellow. The extent of this color change is directly related to the antioxidant
activity of the tested compounds. Notably, the results revealed a concentration-dependent
increase in the percentage of antioxidant activity for all tested concentrations of 2-
azidobenzothiazoles. As a reference, ascorbic acid was employed, and it demonstrated
inhibitions of 52.74%, 62.33%, and 78.57% at concentrations. This demonstrates that the
antioxidant activity of ascorbic acid also increased with higher concentrations, in line with the
expected behavior. The percentage inhibition range for the different 2-azidobenzothiazole
compounds was as follows: 2a (40.25-71.34%), 2b (30.56-59.24%), 2¢ (62.33-92.79%), 2d
(56.25-80.75%), 2e (46.46-68.06%), 2f (67.61-83.28%), 2g (49.43-77.27%), and 2h (67.11-
79.55%). These results indicate that the various 2-azidobenzothiazole compounds possess a wide
range of antioxidant activities, with some exhibiting particularly high levels of inhibition at the
highest tested concentration. This suggests that 2-azidobenzothiazoles may be promising

candidates for further exploration as antioxidants.
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Fig.-4.24: Relative absorption of the compounds (2a-h) at different concentrations with respect

to ascorbic acid.

4.3. Conclusion

This study focused on the synthesis 2-azidobenzothiazoles using a rapid protocol involving
sodium nitrite and sodium azide, establishing a straightforward, effective, and high-yielding
method. Motivated by the promising antibacterial activity of benzothiazole derivatives, we
conducted in vitro antibacterial tests on the synthesized compounds. Results demonstrated that
compound 2d exhibited potent antibacterial activity against various strains, positioning it as a
potential antimicrobial target for drug-resistant microorganisms. Our comprehensive in vitro
study holds significant implications for addressing antibiotic resistance, shedding light on the
potency of 2-azidobenzothiazoles against both Gram-(+) and Gram-(-) bacteria, including drug-
resistant strains. Notably, our findings reveal the efficacy of lead compound 2d in inhibiting and
eradicating biofilms formed by diverse bacterial strains, addressing a major challenge in clinical
settings. This discovery underscores the compound's selective cytotoxicity towards bacterial cells
while sparing human cells, offering promising prospects for safe and effective antimicrobial
treatments. The identification of compound 2d as a potent lead highlights its potential for
therapeutic applications, emphasizing the importance of ongoing drug discovery efforts in

combating antibiotic resistance and biofilm-associated infections. Further optimization and
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exploration of this lead compound, along with others in the series, may pave the way for the

development of novel antibiotics or antimicrobial agents.

129



References

1. Singh, M.K., Tilak, R., Nath, G., Awasthi, S.K. and Agarwal, A., 2013. Design, synthesis
and antimicrobial activity of novel benzothiazole analogs. European journal of medicinal
chemistry, 63, pp.635-644.

2. Nicholls, D., Gescher, A. and Griffin, R.J., 1991. Medicinal azides. Part 8. The in vitro
metabolism of p-substituted phenyl azides. Xenobiotica, 21(7), pp.935-943.

3. Zhilitskaya, L.V., Shainyan, B.A. and Yarosh, N.O., 2021. Modern approaches to the
synthesis and transformations of practically valuable benzothiazole
derivatives. Molecules, 26(8), p.2190.

4. Lima, C.G., Ali, A., van Berkel, S.S., Westermann, B. and Paixdo, M.W., 2015. Emerging
approaches for the synthesis of triazoles: beyond metal-catalyzed and strain-promoted azide—
alkyne cycloaddition. Chemical Communications, 51(54), pp.10784-10796.

5. Ali, A., Corréa, A.G., Alves, D., Zukerman-Schpector, J., Westermann, B., Ferreira, M.A.
and Paixdo, M.W., 2014. An efficient one-pot strategy for the highly regioselective metal-
free synthesis of 1, 4-disubstituted-1, 2, 3-triazoles. Chemical Communications, 50(80),
pp-11926-11929.

6. de la Torre, A.F., Ali, A., Westermann, B., Schmeda-Hirschmann, G. and Pertino, M.W.,
2018. An efficient cyclization of lapachol to new benzo [h] chromene hybrid compounds: a
stepwise vs. one-pot esterification-click (CuAAC) study. New Journal of Chemistry, 42(24),
pp-19591-19599.

7. Faraji, L., Shahkarami, S., Nadri, H., Moradi, A., Saeedi, M., Foroumadi, A., Ramazani, A.,
Haririan, I., Ganjali, M.R., Shafiee, A. and Khoobi, M., 2017. Synthesis of novel
benzimidazole and benzothiazole derivatives bearing a 1, 2, 3-triazole ring system and their
acetylcholinesterase inhibitory activity. Journal of Chemical Research, 41(1), pp.30-35.

8. Almehmadi, M.A., Aljuhani, A., Alraqa, S.Y., Alj, L., Rezki, N., Aouad, M.R. and Hagar, M.,
2021. Design, synthesis, DNA binding, modeling, anticancer studies and DFT calculations of
Schiff bases tethering benzothiazole-1, 2, 3-triazole conjugates. Journal of Molecular
Structure, 1225, p.129148.

9. Catalano, A., Carocci, A., Defrenza, 1., Muraglia, M., Carrieri, A., Van Bambeke, F., Rosato,
A., Corbo, F. and Franchini, C., 2013. 2-Aminobenzothiazole derivatives: search for new

antifungal agents. European Journal of Medicinal Chemistry, 64, pp.357-364.

130



10. Gonzalez, N., Sevillano, D., Alou, L., Cafini, F., Gimenez, M.J., Gomez-Lus, M.L., Prieto, J.
and Aguilar, L., 2013. Influence of the MBC/MIC ratio on the antibacterial activity of
vancomycin versus linezolid against methicillin-resistant Staphylococcus aureus isolates in a
pharmacodynamic model simulating serum and soft tissue interstitial fluid concentrations

reported in diabetic patients. Journal of Antimicrobial Chemotherapy, 68(10), pp.2291-2295.

131



CHAPTER-5

Catalyst and Solvent-free, Ultrasound Promoted Rapid
Protocol for the One-pot Synthesis of Benzothiazole Amide
Derivatives: Synthesis, Crystallography, In Vitro, and In Silico
Studies
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5.1. Introduction

In the realm of organic chemistry, the relentless pursuit of more efficient and environmentally
friendly synthetic methodologies has become a hallmark of contemporary research. Traditional
chemical synthesis often involves the use of catalytic agents and organic solvents, which not
only add complexity to the process but also contribute to environmental pollution and safety
concerns. As a response to these challenges, the scientific community is in a perpetual quest to
discover novel, more sustainable approaches to chemical synthesis. The elimination of catalysts
and solvents from the synthetic process not only simplifies the procedure but also significantly
reduces the environmental footprint of the entire synthesis. Traditional catalysts often require the
use of toxic or hazardous substances, making their removal a paramount objective for chemists
striving for greener chemistry. The absence of solvents is equally noteworthy, as it addresses
concerns about solvent waste, which is a common byproduct in chemical processes. This
solvent-free aspect not only aligns with the principles of green chemistry but also has the
potential to mitigate the risks associated with solvent handling. Furthermore, the utilization of
ultrasound as a promoter introduces a novel and efficient dimension to the synthesis. The
application of ultrasound waves in chemical reactions, known as sonication, has garnered
increasing attention for its ability to enhance reaction rates, increase yields, and promote more
uniform mixing, all of which lead to expedited and improved synthetic outcomes. This
innovation, in conjunction with the removal of catalysts and solvents, offers a powerful
combination of benefits that paves the way for a more sustainable and effective methodology.
The most prevalent cause of death worldwide is tuberculosis (TB), which is brought on by the
contagious mycobacteria MTB. It is a major public health problem worldwide, with an estimated
10 million people with emerging TB and 1.4 million dying from the disease in 2019. The WHO
recommends a standard six-month treatment consisting of four drugs: isoniazid, ethambutol,
rifampicin, and pyrazinamide. However, treatment may be extended if the patient has drug-
resistant TB. In recent times, there have been notable advancements in TB treatment. Among
these, the emergence of novel medications like bedaquiline and delamanid has proven to be
particularly significant in managing drug-resistant forms of TB. There has also been progress in
the development of shorter treatment regimens, which could help to improve treatment
adherence and reduce the burden of TB. The appearance of drug-resistant variants such as MDR-

TB (resistant to isoniazid and rifampicin), XDR-TB (resistant to all initial and certain second-
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line drugs), and the recently recognized fully TDR-TB strains represents a substantial and
alarming public health concern. Aside from the risk of TB becoming incurable, the expansion of
MDR-TB might cause the cost of the present treatments to grow by 100 to 1400 times. Currently,
MDR-TB causes 5.3% of TB cases. The WHO says that each year there are 490,000 new cases
of MDR-TB, which result in over 110,000 fatalities. The majority of first-line TB medications
were developed in the 1950s and 1960s. Before bedaquiline, which was introduced in the last of
2012 for treating MDR-TB, there had been a roughly 50-year gap in the availability of new drugs
for TB treatment. The re-manufacturing and re-positioning of synthetic bioactive are required
because of the aforementioned facts to create novel anti-TB medications [1-3].

It is widely known that the standard treatment for TB is lengthy and often problematic due to
non-compliance and severe side effects. Therefore, it is urgent to focus on drug discovery efforts
to find safe drug candidates that target new pathways and work quickly. These compounds
should prevent resistance and effectively clear the TB-causing pathogen, reducing the chances of
disease reactivation. In recent times, there has been a significant push to expand the limited
range of anti-TB drugs with newer molecules. However, traditional target-based drug discovery
approaches have faced challenges, as the identified inhibitors often lacked the desired growth-
inhibiting effects. These failures could be attributed to issues with drug permeability, efflux, or
vulnerability of the intended target, all of which present major obstacles to overcome. To
overcome these challenges, researchers are revisiting cell-based phenotypic screens, which
provide compounds with cellular potency, although they may sometimes exhibit toxicity-related
characteristics. Therefore, when prioritizing compounds from this approach, it is crucial to
implement a series of stringent assays to evaluate their properties thoroughly. This process
ensures that only promising leads progress further, possessing positive attributes like in vivo
efficacy and safety without undesirable features. Furthermore, it is essential to establish a
connection with a specific target whose inhibition leads to the antimycobacterial effect. This
knowledge enables the prediction of potential cross-reactivity with host-associated proteins,
reducing the risk of adverse effects. Recently, a screening method of a fragment library
containing a total of 1000 compounds led to the discovery of 10 benzothiazole derivatives. These
compounds demonstrated a strong binding affinity to MTB transaminase enzyme. Surprisingly,
only one of these derivatives exhibited inhibitory activity against the transaminase enzyme. Two

fascinating issues are brought up by this discovery. To begin with, the active site of MTB DAPA
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displays a notable attraction to the benzothiazole scaffold. Additionally, the enzyme's activity
can be impeded through two distinct mechanisms: either by disrupting the interaction between
Lys 283 and PLP or by establishing a direct interaction with hydrophobic residues located at the
site [4-7].

This comprehensive study focuses on the green synthesis of benzothiazole amide derivatives and
explores their potential as antimycobacterial agents. The research includes detailed analysis, such
as crystallography, antioxidant activity, in vitro experiments, and in silico studies, to elucidate
the compounds' structural properties, antimycobacterial effectiveness, and the underlying
mechanisms. The findings from this study provide valuable insights into the development of
benzothiazole amide derivatives as potential candidates for combating mycobacterial infections,

contributing to the ongoing efforts to address tuberculosis and related diseases.

5.2. Results & Discussion

5.2.1. Chemistry

The primary aim of this investigation was to synthesize target benzothiazole amide derivatives
(Fig.-5.1). The synthesis of these compounds involved a two-step reaction sequence, starting
with the cyclocondensation of diethyl oxalate with 2-aminothiophenol followed by further
processing under reflux conditions. The first step of the reaction involved the cyclocondensation
of diethyl oxalate with 2-aminothiophenol. This condensation reaction is a crucial step for the
formation of the benzothiazole ring system. The reaction was performed under reflux conditions,
which allowed for a controlled and consistent heating of the reaction mixture. During the reflux
process, the temperature decreased gradually from 147 to 93 °C for 4 hours. The gradual
decrease in temperature was essential to facilitate the formation of the target product and avoid
any undesirable side reactions or product degradation. The reflux conditions ensured that the
reaction reached completion, leading to a high yield of the desired intermediate product, which is
a key intermediate for the subsequent step.

The desired amides (5a-1) resulted from the reaction between ethyl benzothiazole-2-carboxylate
3 and various secondary amines (4a-l1) (Scheme-5.1). To achieve this, the reactions were
conducted under neat conditions using Ultrasonication as the energy source. The use of
Ultrasonication as a method for promoting chemical reactions has gained popularity in recent

years due to its efficiency and ability to accelerate reactions under ambient conditions. The
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reaction was carried out for 1 hour, and after its completion (TLC), the reaction mixture was
subjected to separation. The organic layer was then concentrated on a rotatory evaporator,
resulting in the formation of a solid product. Further purification of the obtained solid was
accomplished through recrystallization from ethanol. Remarkably, the entire reaction process
proved to be highly efficient, as the desired products (Sa-1) were obtained in good yields without
the need for any additional purification steps. The use of Ultrasonication facilitated rapid and
efficient reaction kinetics, leading to the successful formation of the target compounds. The
significance of this study lies in the convenient and green synthesis of a diverse set of amides,
which are valuable building blocks in organic synthesis and pharmaceutical research. The use of
neat conditions, where no solvent was required, further highlights the eco-friendly nature of the
process. It is important to emphasize that the reaction's selectivity and efficiency can be
attributed to the unique reactivity of ethyl benzothiazole-2-carboxylate 3 and the diverse set of
cyclic amines (4a-1) employed in the study. The ability to obtain a diverse array of amides with
varying substituents opens up new possibilities for the exploration and development of novel

compounds with potential biological properties.
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Scheme-5.1: Ultrasonic-assisted synthesis of benzothiazole amide derivatives.

136



N N i

S1

NH,

Fig.-5.1: Depiction of the benzothiazole scaffolds synthesized by green approach.

137



SH
0._O
O T Ok
® ~
NH, o/\ aon 00
SHo o/

i
D et b~
O
@&%f Q:%/ o @1}_ 2\2

OH
STEP-2

g e

R

N M
— Y»—C-N N-R + C,H;0H
S s

Fig.-5.2: Mechanistic pathway for the synthesis of benzothiazole amide derivatives (5a-l).

5.2.2. X-ray Crystallography

X-ray single-crystal diffraction stands as the most essential and accessible method for
determining the structure of crystalline materials, which in turn plays a pivotal role in
comprehending the intricate connections between a material's structure and its properties. This
robust technique empowers researchers to visually examine the intricate structural details of
compounds with a high degree of accuracy, providing invaluable insights into their makeup and
arrangement. Following the examination of synthesized compounds using techniques such as

FTIR, NMR, and HRMS, the structures of compounds Sa, Sg, and 51 were subsequently verified
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through the precise method of single crystal X-ray diffraction. This advanced analytical approach
involves exposing these compounds to X-rays and scrutinizing the resulting diffraction patterns,
allowing for an even more detailed and reliable assessment of their molecular structures. This
comprehensive structural analysis enhances the credibility and understanding of these specific
compounds in the context of the overall research.

Compound Sa crystallizes in a monoclinic crystal system having space group Cc. Eight
molecules are confined in the asymmetric unit. The structural framework gives rise to a 1-D
network with the aid of hydrogen bonding interaction such as HO2H---O6 having bond distance
2.664 A, 127.03° and also due to HO2H with H24A (2.161 A, 140.36°). The edge-on interaction
exhibited between S1 and H10B with a bond distance of 2.971A, 146.90°gives rise to slipped
2D-arrangement of molecules placed anti-parallel with respect to each other. The overall 3D
interpenetrating network is exhibited by the supramolecular interactions that exist between HO3 A

with C020 having a bond distance of 2.786A, 156.03°.

Fig.-5.3: Packing diagram of compound Sa.

Compound 5¢g crystallizes in an orthorhombic crystal system having space group P2i/c. The
molecule attains non-planarity due to aryl rings present in the molecule. The ID pattern is
exhibited due to edge-on interaction through a bifurcated hydrogen bond between H17 with N3
and C13 having a bond distance of 2.725A, 166.37°, and 2.725A, 136.67°. Further, the
molecules grow through the edge on interactions between S1 with H12B having a bond length of
2.86.6A, 167.95° as well as S1 with O1 2.702A, 145.47°. The 2D arrangement is observed
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between C4 with H10, further, the slipped 3D arrangement is formed between C4 with H11B
having bond distance of 3.125A, 137.03°give rise to a zig-zag pattern.

Fig.-5.4: Packing diagram of compound 5g.

Compound 51 crystallizes in a monoclinic crystal system having space group P2i/n. Four
molecules are confined in the asymmetric unit. The molecules are connected through various
supramolecular interactions along the x-axis. The molecules attain slipped arrangement via S1-
01 interaction with a bond length of 3.2054 A, 122.52° along a 1-dimensional arrangement.
Further weak intermolecular interactions such as H2 with C14 covering a distance of 2.76 A
from hydrogen-bonded tapes give rise to chains along the X-axis. Further, the pi-pi interactions
because of C11-C7, and N5-H7B having bond lengths of 3.38 A and 2.54 A give rise to the

layered structures.
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Fig.-5.5: Packing diagram of compound 5I.

Table 5.1: Crystallographic data and structure refinement details for compounds 5a, 5g, and 5I.

Parameters

5a 5¢ 51
Empirical formula C12H12N20S C19H19N30,S Ci16H15Ns0OS
Formula weight 232.30 353.43 325.39
Temperature 100(2) K 100(2) K 100(2) K
Wavelength 0.71073A 0.71073 A 0.71073A
Crystal system Monoclinic Orthorhombic Monoclinic
Space group Cc P2i/c P2i/n

Unit cell dimensions

a=21.214(3) A
b =21.364(3) A
c=19.348(3) A

a=8.3843(5) A
b = 14.6864(8) A
c = 27.2708(16) A

a=12.7301(9) A
b = 5.0302(3) A
¢ =23.7063(17) A

o= 90° o= 90° o= 90°
B =102.062(5)° B =90° B =102.775Q2)°
y=90° ¥ =90° y=90°
Volume 8575(2) A’ 358.0(3) A® 1480.45(17)A®
z 32 4 4
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Density (calculated) 1.439g/cm’ 1.398g/cm’ 1.460 g/cm’

Absorption coefficient 0.280 mm"' 0.211 mm™” 0.231 mm™"
F (000) 3904 1488 680
Theta range for data 1.906° to 33.152° 2.038° to 33.193° 2.026° to 33.078°
collection

-27<=h<=32, -11<=h<=12, -17<=h<=18,

Index ranges -32<=k<=32, -16<=k<=22, ST<=k<=7,
-29<=1<=29 -41<=l<=41 -35<=1<=36

118960 84696 23818

Reflection collected

independent reflections

27102 [R(int) = 0.0379]

12046 [R(int) = 0.0622]

5142 [R(int) = 0.0421]

Data/restraints 27102 /3 /1153 12046/ 0/ 453 5142/0/208
/parameters
Goodness-of-fit on F 1.037 1.026 1.041
R1=0.0380, R1=0.0359, R1=0.0451,
Final R indices [I>26(D)] wR2 = 0.0915 wR2 = 0.0963 wR2 = 0.0954
R1=0.0441, R1 =0.0426, R1=10.0816,
R indices (all data) wR2 = 0.0938 wR2 = 0.1000 wR2=0.1125

Largest diff. peak and
hole

0.905 and -0.779 eA™

0.512 and -0.407eA"

0.347 and -0.469 eA”

Fig.-5.6: ORTEP view of compound 5a.
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Fig.-5.8: ORTEP view of compound 5I.

5.2.3. In vitro Antibacterial Activity

All the synthesized compounds (5a-1) were tested against Gram (+) bacteria S. aureus and Gram
(-) bacteria E. coli. The MIC of each synthetic compound was ascertained for each bacterial
strain using the broth dilution assay. Notably, our findings revealed that none of the compounds

displayed any discernible antibacterial activity against either S. aureus or E. coli.
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Fig.-5.9: MIC of compounds (5a-1) and STR against Gram (-) bacteria E. coli.
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Fig.-5.10: MIC of compounds (5a-l) and STR against Gram (+) bacteria S. aureus.

5.2.4. Antituberculosis Activity

The effectiveness of benzothiazole-2-carboxamides in combating tuberculosis was assessed
against Mycobacterium tuberculosis at various concentrations, including 100, 50, 25, 12.5, 6.25,
3.12, 1.6, and 0.8 pg/mL. The outcomes are detailed in Table 5.2. Ligands 5a and 5l
demonstrated anti-TB activity at 1.6 pg/mL, while 5f, 5g, and 5e exhibited activity at 3.12, 6.2,
and 12.5 ug/mL, respectively. These activities closely resemble those of the second-line standard
medications Isoniazid, Ethambutol, and Pyrazinamide, which exhibit MIC values of 1.6 and
3.125 pg/mL. In contrast, ligands 5b, 5d, 5i, 5j, 5k, 5c, and 5h displayed significantly lower
anti-TB activity, with concentrations of 25 and 50 ug/mL. These ligands effectively suppressed

the growth of Mycobacterium tuberculosis at the specified concentrations. Notably, their
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effectiveness in inhibiting TB bacteria at a concentration of 50 pg/mL was less pronounced

compared to other compounds. It was observed that compounds containing a fused ring with a

nitrogen hetero-atom (5a, Se, 5f, 5g, and Sl) exhibited strong anti-TB activity. Conversely,

compounds with a ring containing oxygen and sulphur heteroatoms (Sb and Sc¢) displayed

reduced anti-TB activity, underscoring the significant influence of structural composition on

their effectiveness against TB. Furthermore, the presence of a methylene group at the N-atom of

the heterocyclic ring in Sh did not enhance its anti-TB activity, suggesting that this specific

modification did not contribute significantly to their effectiveness against Mycobacterium

tuberculosis.

Table 5.2: Anti-tuberculosis activity of the synthesized compounds (5a-I).

S. No. | Compound 100 50 25 12.5 6.2 3.12 1.6 0.8
pg/mL | pg/mL | pg/mL | pg/mL | pg/mL | pg/mL | pg/mL | pg/mL
01 Sa S S S S S S S R
02 5b S S S R R R R R
03 Sc¢ S S R R R R R R
04 5d S S S R R R R R
05 Se S S S S R R R R
06 5f S S S S S S R R
07 S5g S S S S S R R R
08 5h S S R R R R R R
09 5i S S S R R R R R
10 5j S S S R R R R R
11 Sk S S S R R R R R
12 51 S S S S S S S R
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5.2.5. Molecular Docking

Molecular docking was carried out for compounds (5a-l1) against DprEl, Polyketide synthase
(Pks13), and Protein kinase B (PknB) to evaluate their therapeutic potential as antimycobacterial
chemotypes. Molecular docking has a key role in ligand-protein and protein-protein interaction
to see for best pose and binding sites of receptors to which a ligand molecule binds and is
extensively used in modern drug discovery [8]. Results shown in Table 5.3 show that all the
drug candidates have a strong binding affinity equal to or greater than -6.1kcal/mol. The binding
affinities of drug candidates with DprE1 show that 5a, 5f, 5g, Sh, and 51 has promising binding
affinity score of -8.0, -8.9, -9.1, -8.9, and -8.8 kcal/mol respectively. The results of molecular
docking with Polyketide synthase (Pks13) show that six of the selected drug candidates have a
strong binding affinity of equal or greater than -7.0 kcal/mol including Sb, Se, which has a
binding affinity of -7.1, -7.3 kcal/mol, 5f and 5¢g has 8.8 and 8.9 kcal/mol, while Sh and 51 has a
strongest binding affinity of -8.4 kcal/mol respectively. The results for another targeted protein

i.e. Protein kinase B (PknB), in Table 5.3 shows that five drug candidates have a binding affinity
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of equal or greater than -7.0 kcal/mol, including 5d, 5f, 5g, Sh, and 51 having binding affinity of

-7.0,-7.6, -7.3, -7.8, and -7.4 kcal/mol respectively.

It is evident from Figs.-5.13-5.17 and Table 5.4 that amino acid residues of DprEl protein
GLY124, ALAS3, ALA64, ALA128, MET74, ILE184, ALA94, THR122 with Sa, TYR314,
VAL365, LYS134, HIS132, ALA417, GLN336 with 5f, TYR60, TYR314, ALA417, ARG5S,
ILA131, VALI121, LYS367, VAL365, LYS314, HIS132 are interacting with 5g, VAL365,
ARGS58, ALA417, LYS367, HIS132 and TYR60 of DprEl protein interacts with Sh while
ARGS58, HIS132, and VAL365 interact with Sl. Figs.-5.18-5.22 and Table 5.4 shows that amino
acid residues of Protein kinase B (PknB) i.e. GLU208, TYR182, VAL104, PRO141, LYS140,
ALA142, ARG101 interacts with 5a, ASP156, MET145, VAL9S5, LEU17, ALA38, VAL2S,
MET25, MET155 interacts with 5f, while GLY20, SER23, VAL25, ASP138, ASP156, MET92,
LYS40, ILE159, MET155 interact with 5g, METSS5, LEU17, ILE159, VAL25, LYS40, ASP138,
GLY20, ASP156 interact with Sh compound while MET145, LEU17 interacts with 5.

Figs.-5.23-5.27 and Table 5.4 shows that amino acid residues of Polyketide synthase (Pks13) i.e.
PHE1670, PHE1585, MET1669, TYR1582 interact with 5a, VAL1515, ILE1544, ILE1507,
ILE1648, ALA1541, ALA1511, ALA1541 interact with 5f and TYR1637, PHE1670, ALA1667,
ILE1643, TYR1674, HIS1699, TYR1663 interacts with 5g, PHE1585, 1670, VAL1611 interact
with 5h while HIS1699, ALA1477, PRO1476, TRP1532 interacts with 51. The overall results

based on molecular docking and experimental work show that five major compounds i.e. Sa, 5f,

Sg, Sh, 51 have a promising potential as antituberculosis.

Table 5.3: Molecular docking of synthetic drug candidates with selected target proteins of

Mycobacterium tuberculosis.

Compounds 4FEH (DprE1l) 5V3Y(Polyketide 5u94(Protein kinase
Binding Affinity synthase (Pks13)) B (PknB)) Binding
(kcal/mol) Binding Affinity Affinity (kcal/mol)
(kcal/mol)
S5a -8.0 -6.9 -6.4
5b -7.2 -7.1 -6.8
Sc -7.3 -6.9 -6.8
5d -7.7 -6.8 -7.0
Se -7.4 -7.3 -6.5

150




5f -8.9 8.8 7.6
5g 9.1 8.9 73
5h -8.9 8.4 78
5i 7.8 73 6.9
5 7.6 7.0 -6.1
5k 7.8 7.9 6.7
51 -8.8 -8.4 7.4

Table 5.4: Amino acid residues of receptor proteins interaction with ligand compounds having

strong binding affinity.

Compounds

Amino Acid Residues
Interaction

Amino Acid Residues
Interaction

Amino Acid Residues
Interaction

(DpER1) (5V3Y) (5U49)
5a Hydrogen Bond: THR122 Other Bond: PHE1670, | Hydrogen Bond: GLU208,
PHE1585, MET1669, | ARG101
TYR1582
Other Bond: GLY124, Other Bond: TYRIS82,
ALAS3, ALA64, ALA12S, VALI104, PRO141,
MET74, ILE184,ALA%4 LYS140,
ALA142,ARG101
5f Hydrogen Bond: GLN336 Hydrogen Bond: | Other Bond: ASP156,
ALA1541 MET145, VAL9S, LEU17,
ALA38, VAL25, MET2S5,
Other Bond: TYR314, | Other Bond: VALI1515, MET155
VAL365, LYS134, HIS132, | ILE1544, ILE1507,
ALA417 ILE1648, ALA1541,
ALA1511, ALA1541
5¢g Hydrogen Bond: HIS132 Other Bond: TYR1637, | Hydrogen Bond:
PHE1670, ALA1667, | ASP156(2), GLY20,
ILE1643, TYRI1674, | SER23
HIS1699, TYR1663
Other  Bond: TYRG60, Other Bond: VAL2S,
TYR314, ALA417, ASP138, ASP156, MET92,
ARGSS, ILA131, VALI21, LYS40, ILE159, MET155
LYS367, VAL365,

LYS314, HIS132
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Sh Hydrogen Bond: TYR60 Other Bond: PHE1585, | Hydrogen Bond: GLY?20,
1670, VAL1611 ASP156
Other Bond: VAL365, Other Bond: METSS,
ARG5S, ALA417, LYS367, LEU17, ILE159,
HIS132 VAL25,LYS40,
ASP138,156
5i Hydrogen Bond: SER228, | Hydrogen Bond: | Hydrogen Bond: GLY?20,
HIS132, GLY133 TRP1579, GLN1633, | SER23
TYR1586
Other  Bond: ILE131, | Other Bond: PHE1670, | Other Bond: MET92,
PROL116 TYR1637, SER1636 145,155, VA2S, 95,
LEU17, ALA38
5j Other Bond: VALI121, | Other Bond: Hydrogen Bond: GLY20,
CYS129, ARGSS, ILE131, TYR1637 TRP1579 ASP156
ALA4LT, ALAGA VALI61 1’ PHE1 670’
’ > | Other Bond: ASP138,156
1585
5k Hydrogen Bond:TYR314, | Hydrogen Bond: | Hydrogen Bond: SER23
SER228, HIS132, GLY117 | GLY1478, HIS1632,
1699,1664, SER1533,
ALA1477
Other  Bond: ILE131, | Other Bond:HIS1699,1664 | Other Bond: MET92,
PROL116 TYR1674,1663 SER1533, | 145,155, VAL25, 95,
ILE1643, ALA1667 LEU17, ALA38,
51 Hydrogen Bond: ARGSS, | Hydrogen Bond: HIS1699, | Other Bond: MET145,
HIS132 ALA1477 LEU17

Other Bond: VAL365

Other Bond: PRO1476,
TRP1532
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Fig.-5.13: The interaction between compound 5a and the DprE1 receptor protein, represented in
both 3D and 2D forms.
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Fig.-5.14: The interaction between compound 5f and the DprE1 receptor protein, represented in
both 3D and 2D forms.
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Fig.-5.15: The interaction between compound 5g and the DprE1 receptor protein, represented in

both 3D and 2D forms.
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Fig.-5.16: The interaction between compound Sh and the DprE1 receptor protein, represented in

both 3D and 2D forms.
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Fig.-5.17: The interaction between compound 51 and the DprE1 receptor protein, represented in

both 3D and 2D forms.
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Fig.-5.18: The interaction between compound 5a and the Protein kinase B (PknB) receptor

protein, represented in both 3D and 2D forms.
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Fig.-5.20: The interaction between compound 5g and the Protein kinase B (PknB) receptor

protein, represented in both 3D and 2D forms.
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Fig.-5.21: The interaction between compound Sh and the Protein kinase B (PknB) receptor

protein, represented in both 3D and 2D forms.
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Fig.-5.22: The interaction between compound 5l and the Protein kinase B (PknB) receptor

protein, represented in both 3D and 2D forms.
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Fig.-5.23: The interaction between compound 5a and the Polyketide synthase (Pks13) receptor

protein, represented in both 3D and 2D forms.
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Fig.-5.24: The interaction between compound 5f and the Polyketide synthase (Pks13) receptor

protein, represented in both 3D and 2D forms.

158



GLN

Pi-Fi Stacked

Fig.-5.25: The interaction between compound 5g and the Polyketide synthase (Pks13) receptor

protein, represented in both 3D and 2D forms.
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Fig.-5.26: The interaction between compound Sh and the Polyketide synthase (Pks13) receptor

protein, represented in both 3D and 2D forms.
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Fig.-5.27: The interaction between compound 5l and the Polyketide synthase (Pks13) receptor

protein, represented in both 3D and 2D forms.

5.2.6. ADME Analysis of Synthetic Drug Candidates

To discover various factors, including physical properties, lipophilicity, Lipinski, and solubility
of bioactive components, an ADME study was conducted using swissADME [9]. As many
medication candidates fail a clinical trial, ADME is crucial to the development of any therapy.
Candidates taking an orally administered medication may not have more than two violations
[10]. Lipinski rule of five (<5 H-bond donor, <10 H-bond acceptor, Molecular weight <500Da,
Molar Refractivity 40-130 and <5logP)[8] was followed for selected compounds to analyze
whether these may act as drugs or not. The drug compounds with high binding affinity score was
further analyzed for ADME and the results in Table 5.5 demonstrate that all selected compounds
pass the Lipinski rule of five and has no violation showed by any of our drug candidate.
Gastrointestinal absorption shows that all compounds are highly soluble. For water solubility
Logs values ranges from -10 to 0 which indicates different category of solubility i.e. -10, -6, -4, -
2 and 0 for insoluble, poorly soluble, soluble, very soluble and highly soluble respectively [6].
Table 2 shows that all compounds are in the range of high solubility and no one is insoluble in

the selected candidates.
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Table 5.5: ADME analysis of synthetic drug candidates.

Properties Features Sa 5f Sg 5h o |
MW(g/mol) 232.3 323.41 353.44 337.44 325.39
H.B Donor 0 0 0 0 0
H.B Acceptor 2 2 3 3 4
Physiochemical MR 68.93 100.79 107.28 105.04 96.38
Properties
Arom. Heavy 9 15 15 15 15
Atom
Rotatable Bonds 2 3 4 4 3
TPSA 61.44 64.68 73.91 64.68 90.46
Lipophilicity LogP(SILICOS- 3.33 3.55 3.57 3.92 2.44
IT)
Water Solubility | Logsw(SILICOS- -3.37 -5.19 -5.3 -5.59 -4.45
IT)
Pharmacokinetics | GI Absorption High High High High High
Drug-likeness Lipinski 0 0 0 0 0

5.2.7. Toxicity Analysis

The toxicity of each ingredient, including its potential for hepatotoxicity, carcinogenicity,
mutagenicity, Immunogenicity, and cytotoxicity was examined using the online Protox-II server.
Toxicology prediction is now a crucial phase in drug designs to ascertain the negative effects of a
specific molecule on humans, plants, and the ecosystem. Traditional methods require several
animal studies to determine the toxicity of the substances, which is a notorious process for its
high cost and time-consuming but also raises significant ethical issues. Comparatively, toxicity
prediction provided by computational tools requires less time, costs less money, produces results
more often, and minimizes the need for biological experimentation. It is shown in (Table 5.6)
that all our drug candidates are non-toxic and inactive while considering hepatotoxicity,
carcinogenicity, mutagenicity, Immunogenicity, and cytotoxicity. Using admetSAR, selected

chemicals' toxicity was validated and double-checked which shows all selected compounds to be
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AMES Non-toxic, and Non-Carcinogenic (Table 5.7). Additionally, it was found that all drug

compounds exhibited low inhibition activity against the human hERG and demonstrated only

mild acute toxicity in rats, with a median LDs of 2.401 mol/kg. As per the anticipated acute oral

toxicity classification, all of our chosen drug candidates fall into the 'class III' category. The

substances of class III have LDs, values of less than 5000mg/kg and were regarded as

appropriate from a druggable perspective.

Table 5.6: Toxicity analysis of synthetic drug candidates using Protx-II online web server.

Compounds | Hepatotoxicity | Carcinogenicity | Immunotoxicity | Mutagenicity | Cytotoxicity
5a Inactive Inactive Inactive Inactive Inactive
5f Inactive Inactive Inactive Inactive Inactive
S5¢ Inactive Inactive Inactive Inactive Inactive
5h Inactive Inactive Inactive Inactive Inactive
51 Inactive Inactive Inactive Inactive Inactive

Table 5.7: Toxicity analysis of synthetic drug candidates using AdmetSAR online web server.

Compounds | heggr AMES | Carcinogenicity Acute Carcinogenicity Rat Acute
Toxicity Oral (Three Class) | Toxicity(LDs,

Toxicity mol/kg)
5a Weak Non Non 11 Non-Required 2.1701
5f Weak Non Non I Non-Required 2.4025
5¢g Weak Non Non 11 Non-Required 2.6884
5h Weak Non Non I Non-Required 2.2592
51 Weak Non Non I Non-Required 2.4892
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5.2.8. Molecular Dynamics Simulation

The MDS study is crucial for a clear estimation of the stability and conformational variations
occurring within the targeted protein-ligand complex. Therefore, we have successfully conducted
simulation investigations on the protein-docked complexes involving compounds Sa, Sf, and Sg
for 100 ns. Fig.-5.28 depicts the analysis results from the MD trajectory of a protein-ligand
complex of all the three above-mentioned compounds. The RMSD plot (Fig.-5.28A) for all the
complexes was found to be swapping between 0.2-0.36 nm without any major hike, indicating
that all the complexes were stable throughout the MD simulation. Additionally, the protein's
radius of gyration was computed to determine its compactness within the MD structure and to
visualize the protein's overall dimensions. This analysis further underscores the remarkable
stability of the entire complex, as there were no observed alterations in the RGy value, lying
stable for complete trajectory time at ~2.18 nm (Fig.-5.28B). Stability and the flexibility of
several amino acids present in the protein structure were noticed using RMSF throughout the

simulation study to assess the dynamic properties of amino acid residues.
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Fig.-5.28: MD trajectory analysis of the 5a, 5f, and Sg-protein complexes. A) Protein-ligand
RMSD; B) RGy for complex, C) RMSF for protein, D) H-bond of complex & E) RMSF for
ligand.

Fig.-5.28C, RMSF plot was examined, and the results specified that the region between 260-300
and 320-335 residues fluctuated at higher values than other residues, indicating the presence of
loop regions. Overall, no internal fluctuations were detected throughout the simulation, and the
protein's RMSF value remains within the acceptable range of 0.05 to 0.43 nm. The ligand 5a
exhibits a lower RMSF value in the range of 0.02-0.08 nm, indicating its stable positioning
within the catalytic pocket with minimal variations (Fig.-5.28E). RMSF for 5f and 5g had higher
fluctuations in the range of 0.02-0.2 nm but within the acceptable range, indicating that ligands
were trying to stabilize inside the protein’s binding pocket. Hydrogen bonds were calculated
throughout the trajectory using a cut-off value of 0.35nm to assess the contribution of hydrogen
bonding in complex formation. The results revealed that Sa, 5f, and Sg; all the complexes
contained 70, 80, and 90% of hydrogen bond occupancy, signifying the importance of hydrogen
bonds for complex formation (Fig.-5.28D).

5.2.9. Antioxidant Activity

The study aimed to assess the antioxidant properties of benzothiazole amide derivatives using the
DPPH radical scavenging assay at various concentrations (10, 20, and 30 pg/mL). The DPPH
assay is a widely recognized method for evaluating the ability of compounds to scavenge free
radicals. Notably, the results of the study revealed a concentration-dependent increase in the
percentage of antioxidant activity for all tested concentrations. This suggests that as the
concentration of the benzothiazole amide derivatives increased, their capacity to inhibit free
radical activity also increased. This is a significant finding as it demonstrates the concentration-
dependent behavior of these compounds, indicating their potential as effective antioxidants. To
provide a point of reference, ascorbic acid, a well-known antioxidant, was used in the study.
Ascorbic acid displayed inhibitions of 52.74%, 68.33%, and 70.57% at concentrations of 10, 20,
and 30 pg/mL, respectively. This indicates that ascorbic acid's antioxidant activity also increased
with higher concentrations. The percentage inhibition range for all the tested benzothiazole
amide derivatives was as follows: Sa (28.09-44.33%), 5b (29.63-48.91%), S¢ (32.99-51.65%),
5d (21.71-39.09%), 5e (31.25-47.05%), 5f (28.12-41.25%), 5g (36.94-44.16%), Sh (27.67-
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36.49%), 5i (25.22-41.16%), 5j (23.06-59.23%), 5k (36.23-58.37%), and 51 (33.17-63.25%).
These findings underscore the varying degrees of antioxidant activity among the different
benzothiazole amide derivatives. While some compounds demonstrated lower inhibition
percentages, others exhibited significantly higher percentages of inhibition, suggesting that
certain derivatives may have more robust antioxidant properties.

In summary, the results of this study indicate that benzothiazole amide derivatives have the
potential to act as effective antioxidants, with their activity being concentration-dependent. The
variations in inhibition percentages among the different compounds suggest that further research
and investigation are warranted to determine the specific mechanisms and potential applications

of these derivatives in the context of oxidative stress-related diseases and conditions.
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Fig.-5.29: Relative absorption of the compounds (5a-1) at different concentrations with respect to

ascorbic acid.
5.3. Conclusion

This study focused on synthesizing a series of benzothiazole amide derivatives using a
combination of ethyl benzothiazole-2-carboxylate and alicyclic piperazines through molecular

hybridization. A total of twelve varied analogues were synthesized by coupling ethyl
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benzothiazole-2-carboxyalte (3a) with different secondary amines (4a-l). This coupling was
achieved without the need for a catalyst or solvent, and Ultrasonication was used to promote the
reaction, resulting in high selectivity within just one hour. Notably, this reaction adheres to the
principles of green chemistry design, being the first of its kind to do so comprehensively. The
versatility of the reaction was demonstrated across a wide array of substrates with various
substitutions and functionalities. The disclosed protocol is remarkable for its straightforward
reaction conditions, lack of catalyst requirement, sustainability, and selectivity. To evaluate their
effectiveness against Mycobacterium tuberculosis H37Rv (Mtb) strain, all twelve derivatives
were subjected to in vitro testing using the MABA assay. The results revealed that each of the
synthesized compounds displayed anti-tubercular activity, with potency ranging from 1.6 to 12.5
pg/mL. These findings underline the potential promise of benzothiazole amide derivatives as
agents for combating tuberculosis. Furthermore, molecular docking studies demonstrated that
five compounds i.e., Sa, 5f, 5g, Sh, and 5l have strong binding affinity to interact with
tuberculosis protein and also follow guidelines of ROF i.e. Lipinski rules. The findings show that

the five major compounds are non-toxic and are safe, and may act as safe drug compounds.
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CHAPTER-6

Base-Catalysed Synthesis of (E)-N-(benzo[d]thiazol-2-yl)-1-
(1H-indol-3-yl)methanimine
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6.1. Introduction

Schiff bases, a class of compounds typically derived from the reaction of primary amines with
aldehydes or ketones under controlled conditions, have gained prominence owing to their diverse
applications. These compounds have exhibited notable potential as active agents against a range
of ailments, including tumors, viruses, fungi, and bacterial infections. For instance, Schiff bases
derived from indole-3-carboxaldehyde have demonstrated antimicrobial and antitumor
properties, showcasing their therapeutic relevance. Moreover, these compounds are instrumental
in stabilizing metal cations, thereby enhancing their applications in catalysis, industry, and
biology. Traditionally, the synthesis of Schiff bases has employed catalysts such as organic and
inorganic bases or Lewis acids. However, the environmental impact and difficulty in the
recovery of these catalysts have raised concerns. Consequently, there is a growing interest in the
use of recoverable heterogeneous catalysts, as they offer effective catalysis while mitigating
environmental risks. For example, catalysts like FeCu@N-doped carbon have proven efficient
under UV light, facilitating the conversion of amines and alcohols into Schiff bases. Similarly,
Co/Zn-incorporated mesoporous silica nanoparticles have been employed for the synthesis of
Schiff bases from aryl amines and benzyl alcohol. Additionally, a mixture of P,Os and Al,O; has
been utilized to catalyze Schiff base formation from carbonyl compounds and primary amines,
obviating the need for solvents. In a parallel development, Co nanoparticles embedded in
mesoporous nitrogen-doped carbon have demonstrated efficacy in converting —-NO, groups into
amino groups, followed by coupling with carbonyl compounds in the presence of formic acid at
elevated temperatures. Schiff bases are not only crucial in medicinal applications but also hold
significant promise in diverse fields such as photovoltaic solar cells, sensors, and OLEDs due to
their unique emission properties. Recent advancements have led to the creation of
straightforward Schiff bases with white luminescent properties derived from a single
chromophore. Investigating the excited state and its relationship with molecular structure or
aggregation can provide valuable insights into the optical characteristics of these materials [1-
12].

In the present study, piperidine, an organic base catalyst, was employed to synthesize novel
benzothiazole-indole based Schiff bases. The yields of the synthesized products were compared
with those obtained using conventional methods. Various spectroscopic techniques, including IR,

'"H NMR, Bc NMR, and mass spectrometry, were used to characterize the synthesized Schiff
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bases. Furthermore, the recoverability and reusability of the piperidine catalyst were assessed
over multiple reaction cycles.

In this study, the primary focus was on the design and synthesis of benzothiazole-indole based
Schiff bases. Compound 3b, in particular, was examined for its antimycobacterial activity,
shedding light on its potential in combating mycobacterial infections. Additionally, the study
investigates the antioxidant properties of these compounds. By systematically assessing these
aspects, the research contributes valuable information regarding the therapeutic potential of
benzothiazole-indole based Schiff bases, serving as a stepping stone for the development of

agents with dual roles in antimycobacterial and antioxidant therapies.

6.2. Results and Discussion

6.2.1. Chemistry

A series of Schiff bases were synthesized using a simple and efficient methodology as depicted
in Scheme-6.1. The starting materials, indole-3-carbaldehyde and 2-phenyl indole-3-
carboxaldehyde were subjected to react with various benzothiazole amines. Piperidine was
employed as a homogeneous catalyst, and the reaction was conducted under reflux conditions for
a minimum of 1 hour in methanol. The resulting products, designated as 3a-3f, were consistently
obtained in impressive yields. Remarkably, all the tested benzothiazole amines exhibited
compatibility with this transformation, effectively leading to the preparation of the targeted
compounds in high yields. The IR spectra showed the appearance of new bands at approximately
1621-1640 cm ™', signifying the presence of the imine group (C=N). Interestingly, the absorption
peak at 1661 cm ', linked to the C=O group in the initial aldehyde, disappeared in the spectra.
This absence of the C=0 absorption band indicated the successful condensation between the NH;
and C=0 groups of the amine and aldehyde respectively, resulting in the formation of Schiff
bases. Further supporting evidence was obtained through complementary 'H-NMR, which
disclosed evident signals within the chemical shift range of 9.1-9.3 ppm, corresponding to the
CH=N protons in all the synthesized products.

To explore the synthetic versatility of the protocol, a base-free alternative approach was
investigated. Initially, 2-amino-benzothiazole derivatives were employed as model substrates for
the reaction with indole-3-carbaldehyde and 2-phenyl-indole-3-carboxaldehyde, utilizing ethanol
as the solvent. It's important to highlight that when the catalyst was not present, product

formation did not occur, even when the reaction temperature was increased to 90 °C. The
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introduction of piperidine as a catalyst under similar conditions yielded products in moderate
yields after 3 hours of reaction in ethanol. Interestingly, increasing the amount of catalyst to 20%
did not produce a substantial improvement in the reaction's yield. In contrast, employing
methanol as a solvent led to comparable yields of desired products, indicating its efficacy as a
solvent. Further optimization revealed that employing piperidine catalyst under reflux conditions
in methanol for 1 hour resulted in excellent product yield. These discoveries led to the
identification of an optimal procedure for Schiff base synthesis, involving the use of ethanol or
methanol using piperidine as the catalyst. Expanding the substrate scope and longer reaction
times proved advantageous for boosting the reaction yield. Solvent investigations highlighted the
superiority of methanol in terms of reaction yield, outperforming ethanol where only a moderate
yield was obtained. Notably, benzothiazole amines were compatible with the reaction, affording
the desired ligands in high yields. Comparative analysis of the two synthetic methodologies
revealed the base-free approach as a viable alternative, demonstrating comparable yields to the
conventional method utilizing piperidine as an organic base. This approach holds potential for
various Schiff base syntheses and could be extended to other reactions that necessitate organic
bases, including Knoevenagel and Aldol condensations. The ease of catalyst separation further
underscores the practicality of this approach, enabling its reuse for multiple cycles without
significant reduction in product yield. The catalyst retrieval process involved dissolving the
synthesized Schiff bases, followed by a sequence of filtration, washing, and subsequent drying at
80 °C.

In summary, the synthesized Schiff bases through this methodology represent a versatile and
efficient approach, as evidenced by high yields and compatibility with diverse amine substrates.
This study opens avenues for further exploration and applications in various synthetic endeavors,
harnessing the advantages of base-free catalysis for the design of novel reactions and compound

libraries.
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Scheme-6.1: Base-Catalyzed Synthesis of Benzothiazole-Indole Schiff bases.
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Fig.-6.1: Depiction of the synthesized Benzothiazole-Indole Schiff bases.
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Fig.-6.2: General mechanistic pathway for the synthesis of benzothiazole-indole schiff bases.

6.2.2. Representative in Vitro Anti-TB Activity of (E)-1-(1H-indol-3-yl)-N-(6-
nitrobenzo[d]thiazol-2-yl)methanimine

The effectiveness of (E)-1-(1H-indol-3-yl)-N-(6-nitrobenzo[d]thiazol-2-yl)methanimine (3b)
against Mycobacterium tuberculosis was assessed at various concentrations, including 100, 50,
25, 12.5, 6.25, 3.12, 1.6, and 0.8 pg/mL. The outcome is detailed in Table 6.1. Compound 3b
demonstrated anti-TB activity at 1.6 pg/mL, which resemble those of the second-line standard
medications Isoniazid, and Ethambutol, which exhibit MIC value of 1.6 pg/mL. This ligand
effectively suppressed the growth of Mycobacterium tuberculosis at the specified concentration
(1.6 pg/mL).

Table 6.1: Anti-TB activity of compound 3b.

S. No. | Compound 100 50 25 12.5 6.2 3.12 1.6 0.8
pg/mL | pg/mL | pg/mL | pg/mL | pg/mL | pg/mL | pg/mL | pg/mL

01 3b S S S S S S S R
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Fig.-6.3: MIC of control drugs: Isoniazid, Ethambutol, Pyrazinamide, Rifampicin, and

Streptomycin.

Fig.-6.4: MIC of compound 3b against Mycobacterium tuberculosis.

6.2.3. Assessment of Antioxidant Characteristics of Synthesized Schiff Bases

Synthetic compounds with antioxidant properties have garnered significant attention in recent
research. In this study, the antioxidant characteristics of synthesized Schiff bases were evaluated
by employing the DPPH radical scavenging test. The Schiff bases under investigation were
tested at three different concentrations. As a reference, ascorbic acid, a well-known antioxidant,
was used. In this study, a total of tested six synthesized Schiff bases (3a, 3b, 3¢, 3d, 3e, and 3f)
at three different concentrations (10, 20, and 30 pg/mL) and compared their performance to that
of the standard antioxidant, ascorbic acid. The results of the DPPH radical scavenging test
revealed that all tested Schiff bases exhibited antioxidant activity comparable to that of standard
ascorbic acid across different concentrations. Notably, there was a concentration-dependent
increase in the percentage of antioxidant activity for all the compounds, suggesting their active
involvement in free radical scavenging. As a reference, ascorbic acid exhibited inhibitions of

52.74%, 62.33%, and 78.57% at concentrations of 10, 20, and 30 pg/mL, respectively. In
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contrast, the synthesized Schiff bases displayed varying degrees of antioxidant activity, as
summarized as follows: 3a (67.52-70.24%), 3b (86.34-91.70%), 3¢ (55.70-86.98%), 3d (80.04-
92.51%), 3e (87.43-94.04%), 3f (60.65-76.43%). The findings of this study suggest that the
synthesized Schiff bases exhibited significant antioxidant activity across different concentrations.
Their performance was comparable to that of ascorbic acid, a well-known antioxidant. These
findings underscore the potential of Schiff bases as effective antioxidants, with Schiff bases 3b,
3d, and 3e showing the most promise. Further research into the applications and mechanisms of

these compounds is warranted, as they may have a significant impact on health and food science.
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Fig.-6.5: Relative absorption of the compounds (3a-f) at different concentrations with respect to
ascorbic acid.

6.3. Conclusion

The synthesis of benzothiazole-based Schiff base ligands, incorporating indole components, was
successfully achieved through two methods: conventional piperidine-catalyzed synthesis and a
base-free heterogeneous catalysis approach. Both methods demonstrated high efficiency in
yielding products, as confirmed by thorough spectroscopic analyses. The synthesized compounds
exhibited potent antioxidant activity, highlighting their potential as effective agents against

oxidative stress. Furthermore, compound 3b, derived from this synthesis, demonstrated
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exceptional antimycobacterial efficacy with a minimum inhibitory concentration (MIC) of 1.6
png/mL against the Mycobacterium Tuberculosis H37Rv strain. This notable finding not only
underscores the diverse biological activities of the synthesized Schiff bases but also positions
compound 3b as a promising candidate for novel antimycobacterial treatments, thereby offering
valuable insights for future pharmaceutical research and development. The study showcases the
versatility of Schiff bases and the potential of their derivatives in addressing various health-

related challenges.
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CHAPTER-7

EXPERIMENTAL SECTION
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7.1. Experimental Procedure for the Synthesis of 2-Azidobenzothiazoles

2-aminobenzothiazole (0.5 mmol) was dissolved in water in a 50 mL round-bottom flask at room
temperature, using a magnetic stirrer. Hydrochloric acid was then carefully added drop by drop
until the complete dissolution of 2-aminobenzothiazole in water was achieved. In the next step
solutions of sodium nitrite, (2 mmol), sodium acetate (2 mmol), and sodium azide (2 mmol) were
added dropwise after every 5 minutes respectively and the reaction was stirred for further 30
minutes. The progression of the reaction was monitored using TLC, which confirmed its
completion within 1 hour. The solid precipitate was filtered, washed with water, and
recrystallized from ethanol which did not require any further purification. (Note: NaNO,,
NaOAc, and NaN; were first dissolved in water, and then added dropwise to the reaction mixture

respectively. Also, the role of sodium acetate is to neutralize the acidic medium).

7.2. Spectroscopic Data

2-Azido-4, 6-difluorobenzothiazole (2a)

Brown solid, yield: 93%, mp 170-173 °C, IR (neat) v: 2124 cm™ (-N3). F
'H-NMR (400 MHz, DMSO-ds) & (ppm): 7.98 (m, 1H), 7.63 (m, 1H). /C[N\>_N3
HRMS (ESI) m/z: [M + Na] calcd for C7H2F,N4S, 234.9866; found, F

234.8841.

2-Azido-6-methoxybenzothiazole (2b)

Brown solid, yield: 93%, mp 155-158 °C, IR (neat) v: 2113 cm™ (-N3). N
'H-NMR (400 MHz, DMSO-ds) & (ppm): 8.25 (d, J = 12 Hz, 1H), 7.94 H3CO/®E
(d, 1H), 7.35 (dd, J = 8 Hz, 1H), 3.93 (s, 3H). HRMS (ESI) m/z: [M +

H]Jr caled for CgHgN4OS, 207.0341; found, 207.0337.

Ethyl 2-azidobenzothiazole-6-carboxylate (2¢)

White solid, yield: 89%, mp 145-148 °C, IR (neat) v: 2126 cm™ (-N3). /©:N>_N
'H-NMR (400 MHz, CDCl;) & (ppm): 8.08 (d, J = 4 Hz, 1H), 7.47 (m, | °S ’
1H), 7.39 (d, J =4 Hz, 1H), 3.74 (q, J = 4 Hz, 2H), 1.28 (t, J = 8 Hz, j

3H).
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2-Azido-6-Nitro-benzothiaole (2d)

Creamy white solid, yield: 95%, mp 190-193 °C, IR (neat) v: 2120 cm™ (-
N3). 'H-NMR (400 MHz, CDCl3) & (ppm): 8.77 (d, 1H), 8.40 (dd, J = 4
Hz, 1H), 8.10 (d, J = 8 Hz, 1H). HRMS (ESI) m/z: [M + H]" calcd for
C7H3N50,8S, 222.0086; found, 222.0326.

2-Azidobenzothiazole (2¢)

Brown solid, yield: 80%, mp 153156 °C, IR (neat) v: 2119 cm™ (-N3).
NMR (400 MHz, CDCl3) 6 (ppm): 8.22 (d, J = 8 Hz, 1H), 7.74 (d, J =8
1H), 7.70 — 7.58 (m, 2H). GCMS: m/z calcd for CsH4N4S, 176; found, 176.

2-Azido-4-methylbenzothiazole (2f)
Orange solid; yield: 80%, mp 117-120 °C, IR (neat) v: 2120 cm™ (-N3).

NMR (400 MHz, CDCls) 6 (ppm): 7.73 (d, J = 8 Hz, 1H), 7.30 (d, J = 8 Hz, C[N\>_
N3

1H), 7.18 (t, J = 8 Hz, 1H), 2.40 (s, 3H).

2-Azido-6-ethoxybenzothiazole (2g)

iSeg
O,N S

lH_

N
. | 0

1
H- Me

Brown solid, yield: 92%, mp 161-164 °C, IR (neat) v: 2107 cm™ (-Nj).
'H-NMR (400 MHz, CDCl3) & (ppm): 8.07 (d, J = 8 Hz, 1H), 7.70 (d,

J=12Hz, 1H), 7.02 (dd, J =4 Hz, 1H), 4.06 (q, J = 8 Hz, 2H), 1.44 (t,
J =8 Hz, 3H). GCMS: (m/z) calcd for CoHgN4OS, 220; found, 221.

2-Azido-5-bromobenzothiazole (2h)

Brown solid; yield: 82%, mp 180-183 °C, IR (neat) v: 2110 cm™ (-N3). 'H-
NMR (400 MHz, DMSO-ds) & (ppm): 8.32 (d, J = 4 Hz, 1H), 8.16 (d, J =
8 Hz, 1H), 7.66 (dd, 1H).

7.3. Representative Spectra

"H-NMR Spectrum of Compound 2a:
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7.4. Experimental Procedure for the Synthesis of Benzothiazole Amide Derivatives

7.4.1. General Procedure for the Synthesis of ethyl benzothiazole-2-carboxylate (3)

A mixture of o-aminothiophenol (I mmol) and diethyl oxalate (1 mmol) was prepared in a
round-bottom flask. The reaction mixture was subjected to mild reflux using a heating mantle for
4 hours. During this time, the temperature gradually decreased from 147 to 93 °C. Following the
completion of the reaction (TLC), the reaction mixture was permitted to cool at room
temperature. The cooled mixture was then poured slowly into a solution composed of 50 mL of
concentrated HCI, 150 mL of H,0, and 70 mL of C,HsOH. Continuous stirring was maintained
during this step. This led to the dissolution of the oily substance and the formation of a solid
precipitate. The resulting mixture was allowed to cool further for a sufficient period to ensure
complete precipitation of the product. The solid product was separated by vacuum filtration
using a Buchner funnel. The obtained solid was washed with aqueous ethanol to remove
impurities and residual reagents. The washed product was then dried, typically under vacuum or
at a controlled temperature, until a constant weight was attained. The dried product was
ultimately crystallized from ethanol to obtain ethyl benzothiazole-2-carboxylate. The yield of

ethyl benzothiazole-2-carboxylate was determined by measuring the weight of the purified and
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dried product. The reaction temperature during reflux should be carefully monitored to ensure a

controlled reaction and prevent overheating.

7.4.2. General Procedure for the Synthesis of Benzothiazole Amide Derivatives

Ethyl benzothiazole-2-carboxylate (I mmol) was accurately weighed and placed in a 10 mL
round bottom flask. The corresponding amine (1 equiv) was added to the flask, and the reaction
mixture was prepared. Ultrasonication was employed to initiate the reaction at room temperature,
and the temperature was gradually raised to 35 °C over a specified duration (ranging from 15
minutes to 1 hour, depending on the specific reaction conditions). This gradual temperature
increase was crucial for the success of each reaction. The progress of the reaction was observed
by employing TLC. Following the completion of the reaction, the mixture was allowed to cool
down to room temperature. To isolate the desired product, the cooled mixture was dissolved in
an appropriate volume of ethyl acetate. The ethyl acetate solution was washed with H,O to
remove any water-soluble impurities. This step was repeated as necessary until a clear organic
layer was obtained. The organic layer was separated from the aqueous layer and concentrated
using a rotary evaporator to remove the solvent. The resulting solid obtained after solvent
removal was subjected to recrystallization from ethanol to purify the product. The obtained
crystals were isolated by filtration, air-dried, and subsequently analyzed using appropriate
techniques (e.g., IR, NMR, and mass spectrometry) to confirm their identity and purity. This
experimental procedure was repeated for each reaction with specific variations as needed, such

as reaction time and choice of amines, to synthesize the desired compounds.

7.5. Spectroscopic Data

Ethyl benzothiazole-2-carboxylate (3)

White solid, yield: 83%, mp 68-72 °C, IR (neat) v: 1750 cm-' (C=0). 'H- N O
NMR (400 MHz, CDCls) 8 (ppm): 8.26 (d, J = 8 Hz, 1H), 7.98 (d, J = 8 ©:s\>_%\0 —~
Hz, 1H), 7.61-7.52 (m, 2H), 4.56 (q, J = 8 Hz, 2H), 1.50 (t, /= 8 Hz, 3H).

BC-NMR (100 MHz, CDCl;) & (ppm): 160.77, 158.66, 153.32, 136.88, 127.64, 127.18, 125.62,
122.17, 63.22, 14.39. HRMS (ESI) m/z: [M + H]" caled for C;oHoNO,S, 208.0432; found,
208.0432.

Benzothiazol-2-yl(pyrrolidin-1-yl)methanone (5a)
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Creamy white solid, yield: 92%, mp 99-103 °C, IR (neat) v: 1621 cm-' o
(C=0). "H-NMR (400 MHz, CDCl3) & (ppm): 8.08 (d. J = 4 Hz, 1H), @[:\)—&N
7.95 (d, J= 8 Hz, 1H), 7.53-7.45 (m, 2H), 4.22 (t, J =4 Hz, 2H), 3.74 (t, Q
J =4 Hz, 2H), 2.06-1.93 (m, 4H). *C NMR (100 MHz, CDCl3) & (ppm):
165.93, 159.54, 153.88, 136.54, 126.72, 126.54, 124.86, 122.14, 49.28, 48.02, 26.80, 23.95.
HRMS (ESI) m/z: [M + H]" caled for C1,H5N,0S, 233.0749; found, 233.0746.

Benzothiazol-2-yl(thiomorpholino)methanone (Sb)

Yellowish solid, yield: 88%, mp 112-115 °C, IR (neat) v: 1618 cm-' N O
(C=0). 'H-NMR (400 MHz, CDCl3) & (ppm): 8.00 (d, J = 8 Hz, 1H), ©:S\>_&N/w
7.88 (d, J=8 Hz, 1H), 7.48-7.39 (m, 2H), 4.55 (t, /=4 Hz, 2H), 4.01 (t, K/S
J =4 Hz, 2H), 2.72 (q, J = 8 Hz, 4H). PC-NMR (100 MHz, CDCl;) & (ppm): 164.34, 160.07,
152.98, 136.14, 126.77, 126.61, 124.66, 121.85, 49.43, 46.35, 28.52, 27.54. HRMS (ESI) m/z:
[M + Na]" caled for C,H,N,08,, 287.0289; found, 287.0283.

Benzothiazol-2-yl(morpholino)methanone (5¢)

White solid, yield: 84%, mp 103-106 °C, IR (neat) v: 1621 cm-' (C=0). N O
'H-NMR (400 MHz, CDCl;) & (ppm): 8.10 (d, J =8 Hz, 1H), 7.98 (d, J = @:g_%\N

8 Hz, 1H), 7.58-7.50 (m, 2H), 4.54 (t, J = 4 Hz, 2H), 3.87-3.83 (m, 6H). Q
BC-NMR (100 MHz, CDCl3) & (ppm): 164.50, 159.75, 153.09, 136.21,
126.79, 126.61, 124.65, 121.87, 67.24, 66.91, 47.20, 43.93. HRMS (ESI) m/z: [M + H]" calcd for
C12H12N2058, 249.0698; found, 249.0699.

Benzothiazol-2-yl(piperidin-1-yl)methanone (5d)

Brownish yellow solid, yield: 87%, mp 80-83 °C, IR (neat) v: 1615 cm-' N 0
(C=0). '"H-NMR (400 MHz, CDCl3) & (ppm): 8.10 (d, J = 8 Hz, 1H), @[ \>—E\

7.95 (d, J=8 Hz, 1H), 7.56-7.46 (m, 2H), 4.26 (t, /=4 Hz, 2H), 3.79 (t, > @
J = 4 Hz, 2H), 1.74 (s, 6H). >C-NMR (100 MHz, CDCl;) & (ppm):
164.92, 159.91, 153.05, 136.09, 126.47, 126.42, 124.51, 121.80, 47.69, 44.75, 26.76, 25.80,
24.58. HRMS (ESI) m/z: [M + H]" caled for C13H4N,0S, 247.0905; found, 247.0908.

Benzothiazol-2-yl(4-methylpiperazin-1-yl)methanone (5e)
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White solid, yield: 72%, mp 146-148 °C, IR (neat) v: 1630 cm-' N O
(C=0). 'H-NMR (400 MHz, CDCls) § (ppm): & (ppm) 8.10 (d, J = C[?_E‘N

4 Hz, 1H), 7.98 (d, J = 4 Hz, 1H), 7.57-7.49 (m, 2H), 4.47 (t,J=4 O
Hz, 2H), 3.90 (t, /=4 Hz, 2H), 2.56 (t, J = 4 Hz, 4H), 2.37 (s, 3H).
C-NMR (100 MHz, CDCls) & (ppm): 164.65, 159.65, 153.02, 136.11, 126.64, 126.50, 124.56,
121.79, 55.44, 54.70, 46.36, 45.94, 43.43. HRMS (ESI) m/z: [M + H]" caled for C;3H;5sN;0S,
262.1014; found, 262.1010.

Benzothiazol-2-yl(4-phenylpiperazin-1 -yl)methanone (5f)

Pale yellow solid, yield: 91%, mp 95-98 °C, IR (neat) v: 1622 N O

cm-' (C=0). "H-NMR (400 MHz, CDCl;) & (ppm): 8.11 (d, J=4 C[?_I(L"N

Hz, 1H), 7.97 (d, J = 8 Hz, 1H), 7.57-7.49 (m, 2H), 7.39 (t, J =8 Q

Hz, 2H), 7.14 (d, J = 4 Hz, 2H), 7.12 (t, J = 8 Hz, 1H), 4.67 (t, J = O
4 Hz, 2H), 4.03 (t, J=4 Hz, 2H), 3.38 (t, J = 4 Hz, 4H). *C-NMR

(100 MHz, CDCls) 8 (ppm): 164.57, 159.82, 153.18, 151.10, 136.32, 129.82, 126.90, 126.72,
124.75, 121.96, 119.36, 116.80, 49.60, 49.03, 46.22, 43.46. HRMS (ESI) m/z: [M + Na]" calcd
for Ci3H7N308, 346.0990; found, 346.3317.

Benzothiazol-2-yl(4-(2-methoxyphenyl) piperazin-1-yl)methanone (5g)

Pale yellow solid, yield: 93%, mp 128-130 °C, IR (neat) v: 1614 N\ O

cm-' (C=0). 'H-NMR (400 MHz, CDCl3) & (ppm): 8.10 (d, J = @[ Y&,

8 Hz, 1H), 7.96 (d, J = 8 Hz, 1H), 7.54-7.49 (m, 2H), 7.07—7.03 > Q OCH,
(m, 1H), 6.96 — 6.89 (m, 3H), 4.65 (t, J = 8 Hz, 2H), 4.05 (t, J = é

4 Hz, 2H), 3.90 (s, 3H), 3.20 (t, J = 4 Hz, 4H). >C-NMR (100

MHz, CDCl3) 6 (ppm): 164.82, 159.74, 153.12, 152.30, 140.62, 136.22, 126.69, 126.56, 124.63,
123.61, 121.87, 121.10, 118.52, 111.34, 55.47, 51.34, 50.72, 46.84, 43.87. HRMS (ESI) m/z: [M
+ H]Jr calcd for C19H19N3OQS, 354.1276; fOllIld, 354.1271.

Benzothiazol-2-yl(4-benzylpiperazin-1-yl)methanone (Sh) ©:N\>_ﬁ)

C\
Yellow solid, yield: 91%, mp 155-157 °C, IR (neat) v: 1619 cm-' S N/w
(C=0). '"H-NMR (400 MHz, CDCl3) & (ppm): 8.09 (dd, J = 4 Hz, 1H), K/N

7.96 (d, J =4 Hz, 1H), 7.56-7.47 (m, 2H), 7.36-7.28 (m, SH), 4.46 (t, J
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= 4 Hz, 2H), 3.89 (t, J = 4 Hz, 2H), 3.59 (s, 2H), 2.60 (m, 5H). *C-NMR (100 MHz, CDCl3) §
(ppm): 164.79, 159.70, 153.09, 137.62, 136.18, 129.18, 128.37, 127.32, 126.63, 126.51, 124.59,
121.82, 62.88, 53.52, 52.82, 46.56, 43.65. HRMS (ESI) m/z: [M + H] calcd for C;oH;oN;OS,
338.1327; found, 338.1324.

Benzothiazol-2-yl(4-(2-hydroxyethyl)piperazin-1-yl)methanone (5i)

Brown solid, yield: 84%, mp 133-135 °C, IR (neat) v: 1609 cm-' N 0

(C=0), 3335 cm™ (OH). '"H-NMR (400 MHz, CDCl5) & (ppm): 8.07 ©: \>—&N

(d, J=8 Hz, 1H), 7.94 (d, J = 4 Hz, 1H), 7.53—7.45 (m, 2H), 4.46 (t, ; Q
J=4Hz, 2H), 3.87 (t,J = 4 Hz, 2H), 3.68 (t, J = 4 Hz, 2H), 3.21 (s, z
1H), 2.63 (m, 6H). *C-NMR (100 MHz, CDCl;) & (ppm): 164.50, OH

159.69, 153.00, 136.11, 126.73, 126.58, 124.59, 121.84, 59.48, 57.96, 53.48,52.72, 46.41, 43.49.
HRMS (ESI) m/z: [M + H]+ calcd for Ci4H17N30,S, 292.1120; found, 292.1133.

Benzothiazol-2-yl(4-ethylpiperazin-1-yl)methanone (5j)
Brown solid, yield: 79%, mp 150-152 °C, IR (neat) v: 1622 cm-! N (”)
(C=0). '"H-NMR (400 MHz, CDCl3) & (ppm): 8.08 (d, J = 8 Hz, 1H), ©: \>_C\N/w

S
7.95 (d, J= 4 Hz, 1H), 7.54-7.46 (m, 2H), 4.48 (t, J = 4 Hz, 2H), 3.89 =

(t, J=4Hz, 2H), 2.59 (t, J=4 Hz, 4H), 2.49 (q, J = 4 Hz, 2H), 1.13 (t, 7
J = 4 Hz, 3H). PC-NMR (100 MHz, CDCl;) & (ppm): 164.69, 159.63, 153.05, 136.15, 126.65,
126.52, 124.58, 121.81, 53.23, 52.43, 52.18, 46.37, 43.44, 11.82. HRMS (ESI) m/z:[M + H]"
caled for C4H7N308, 276.1171; found, 276.1171.

(4-(2-Aminoethyl)piperazin-1-yl)(benzothiazol-2-yl)methanone

(k) N 0

Creamy white solid, yield: 81%, mp 138-140 °C, IR (neat) v: 1614 ©:s\>_E\N

cm-' (C=0). '"H-NMR (400 MHz, CDCL3) & (ppm): 8.10 (d, J = 8 Q

Hz, 1H), 7.98 (d, J = 4 Hz, 1H), 7.57-7.47 (m, 2H), 3.63 (t, J = 4 Z
Hz, 2H), 3.02 (t, J = 4 Hz, 2H), 2.67 (t, J = 4 Hz, 2H), 2.60 (t, J = 4 NH:

Hz, 6H), 1.27 (s, 2H). BC.NMR (100 MHz, CDCls) 6 (ppm): 163.98, 159.99, 152.98, 137.06,
126.76, 126.67, 124.34, 122.38, 57.00, 56.61, 53.21, 53.00, 45.27, 36.36. HRMS (ESI) m/z: [M +
H]+calcd for C;4H;3N4OS, 291.1280; found, 291.1270.
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Benzothiazol-2-yl(4-(pyrimidin-2-yl)piperazin-1-yl)methanone (51)

White solid, yield: 91%, mp 125-127 °C, IR (neat) v: 1619 cm-' N O

(C=0). '"H-NMR (400 MHz, CDCl;) & (ppm): 8.37 (d, J = 4 Hz, @[ \>_H\N

2H), 8.13 (d, J = 8 Hz, 1H), 7.99 (d, J = 8 Hz, 1H), 7.58-7.50 (m, ) Q

2H), 6.57 (t,J = 4 Hz, 1H), 4.55 (t, J = 4 Hz, 2H), 4.01 (t, J = 4 Hz, 13/\/1\7
4H), 3.95 (t, J = 4 Hz, 2H). *C-NMR (100 MHz, CDCl3) & (ppm): -

164.57, 161.55, 160.02, 157.82, 153.10, 136.22, 126.77, 126.60, 124.70, 121.87, 110.53, 46.40,
44.26, 43.55, 43.50. HRMS (ESI) m/z: [M + H]'caled for C;¢H;sNsOS, 326.1076; found,
326.1076.

7.6. Representative Spectra

"H and “C-NMR Spectra of Compound 3a:
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7.7. Experimental Procedure for the Synthesis of Benzothiazole-Indole Schiff Bases

7.7.1. Base-Catalyzed Synthesis of Schiff Bases: A solution of indole-3-carbaldehyde or 2-
phenyl-indole-3-carboxaldehyde and 2-aminobenzothiazoles in a 1:1 stoichiometric ratio was
prepared in either ethanol or methanol. The reaction mixture was refluxed at 65 °C (for methanol
and 80 °C for ethanol) for the specified duration while being catalyzed by five drops of
piperidine. After completion of the refluxing period, the reaction mixture was allowed to cool,
resulting in the formation of a solid precipitate. This precipitate was separated by filtration, and

the obtained solid was subjected to drying. Subsequently, the dried solid was recrystallized from

ethanol, yielding the desired pure compounds.

7.7.2. Base-Free Synthesis of Schiff Bases: Into a 50 mL round bottom flask, indole-3-
carbaldehyde or 2-phenyl-indole-3-carboxaldehyde, the corresponding amine, and either ethanol
or methanol (15 mL) as the solvent was added. This mixture was then stirred at 65 °C (for

methanol) (80 °C in case of ethanol) using an oil bath for 3 hours. Once the reaction's completion
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was confirmed by TLC, the hot reaction mixture was cautiously transferred into ice-cold water.
After cooling, the resulting solid precipitate was isolated through filtration. The collected solid
was subsequently dried and subjected to recrystallization in ethanol, ultimately yielding the

desired pure compounds.

7.8. Spectroscopic Data

(E)-1-(1H-indol-3-yl)-N-(4-methylbenzo|d] thiazol-2-yl)methanimine (3a)
Yellow solid, yield: 90%, mp: 175-177 °C, IR (neat) v: 1635 cm-'
(-CH=N), 3498 cm™ (NH). "H-NMR (500 MHz, CDCl;) & (ppm): CH,

12.27 (s, 1H), 9.21 (s, 1H, -CH=N), 8.39-8.36 (m, 2H), 7.80 (d, J = C[N\>_N/ \_NH
8 Hz, 1H), 7.55 (dd, J=4 Hz, 1H), 7.33-7.23 (m, 4H), 3.33 (s, 3H). S
BC-NMR (125 MHz, DMSO) & (ppm): 172.19, 161.07, 151.62, 137.52, 133.03, 131.29, 130.33,
126.90, 126.70, 124.52, 122.08, 120.78, 119.37, 118.27, 114. 38, 112.52, 18. 24. LC-MS m/z: [M
+ H] calcd for Ci7H13N3S, 291.08; found, 292.00.

(E)-1-(1H-indol-3-yl)-N-(6-nitrobenzo|d]|thiazol-2-

yl)methanimine (3b)

Reddish yellow solid, yield: 95%, mp: 180-183 °C, IR (neat)
v: 1640 cm-' (-CH=N), 1567 and 1329 cm-' (N-O), 3498 cm” /@:N\}l\{ \NH
(NH). '"H-NMR (500 MHz, DMSO) & (ppm): 9.32 (s, 1H, - | 9N S

CH=N), 9.05 (d, J = 4 Hz, 1H), 8.48 (s, 1H), 8.36 (d, J = 4 Hz, 1H), 8.30 (d, J = 8 Hz, 1H), 7.99
(d, J= 8 Hz, 1H), 7.57 (d, J = 4 Hz, 1H), 7.33 (m, 2H). ?C-NMR (125 MHz, DMSO) & (ppm):
179.58, 163.19, 156.81, 143.76, 138.26, 138.07, 134.51, 125.01, 124.53, 123.08, 122.58, 122.30,
122.09, 119.50, 115.19, 113.31. HRMS (ESI) m/z: [M + H]" caled for C;¢H;oN4O5S, 323.0603;
found, 323.0599. HRMS m/z: [M + H]" calcd for C¢H;oN4O,S, 322.0524; found, 323.0599.

(E)-1-(1H-indol-3-yl)-N-(6-methoxybenzo|d]|thiazol-2-yl)methanimine (3¢)
Yellow solid, yield: 88%, mp 190-192 °C, IR (neat) v: 1630
cm-' (-CH=N), 3498 cm” (NH). 'H-NMR (500 MHz,
DMSO) § (ppm): 12.22 (s, 1H), 9.19 (s, 1H, -CH=N), 8.35 /C[N\}l‘{ \_NH
(dd, J = 4 Hz, 2H), 7.75 (d, J= 8 Hz, 1H), 7.59 (d, J = 4 Hz, |H;CO §

1H), 7.55 (dd, J = 4 Hz, 1H), 7.32 — 7.27 (m, 2H), 7.07 (dd, J = 4 Hz, 1H), 3.84 (s, 3H). "*C-
NMR (125 MHz, DMSO) & (ppm): 171.46, 160.87, 157.19, 146.34, 138.68, 138.01, 135.15,
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125.02, 124.11, 122.87, 122.50, 122.46, 115.57, 114.88, 113.00, 105.65, 56.15. LC-MS m/z: [M
+ H] calcd for C;7H3N;50S, 307.07; found, 308.00.

(E)-N-(6-ethoxybenzo|d]thiazol-2-yl)-1-(1H-indol-3-yl)methanimine (3d)

Yellow solid, yield: 90%, mp 172-175 °C, IR (neat) v: 1630
cm-' (-CH=N), 3498 cm’ (NH). 'H-NMR (500 MHz,
DMSO) & (ppm): 12.21 (s, 1H), 9.19 (s, 1H, -CH=N), 8.35 /C[N\%l‘{ \_NH
(m, 2H), 7.73 (d, J = 8 Hz, 1H), 7.56 (dd, J=4 Hz, 2H), 7.32 | -0 S

—7.26 (m, 2H), 7.05 (dd, J = 4 Hz, 1H), 4.10 (q, J = 4 Hz, 2H), 1.37 (t, J = 8 Hz, 3H). >C-NMR
(125 MHz, DMSO) & (ppm): 171.41, 160.80, 156.42, 146.29, 138.64, 138.02, 135.16, 125.04,
124.09, 122.87, 122.47, 115.93, 114.90, 112.99, 106.26, 64.14, 15.15. LC-MS m/z: [M + H]
caled for C;gH5N30S, 321.09; found, 322.00.

(E)-N-(benzo|d]thiazol-2-yl)-1-(1H-indol-3-yl)methanimine (3e)
Yellow solid, yield: 81%, mp: 188-190 °C, IR (neat) v: 1621 cm-"'
(-CH=N), 3498 cm™ (NH). '"H-NMR (500 MHz, CDCl5) & (ppm):
9.26 (s, 1H, -CH=N), 8.60 (d, J =4 Hz, 1H), 7.99 (d, J = 8 Hz, @[N\%l\{ \_NH
1H), 7.95 (s, 1H), 7.85 (d, J =4 Hz, 1H), 7.49 (t, J = 8 Hz, 2H), S

7.39 —7.35 (m, 3H). LC-MS m/z: [M + H] calcd for C6H;N3S, 277.06; found, 278.00.

(E)-N-(4-methylbenzo|d]thiazol-2-yl)-1-(2-phenyl-1H-indol-3-yl)methanimine (3f)
Yellow solid, yield: 88%, mp 192-194 °C, IR (neat) v: 1621 cm-' (-
CH=N), 3498 cm” (NH). '"H-NMR (500 MHz, CDCl;) & (ppm): | ¢H3
10.11 (s, 1H), 9.13 (s, 1H, -CH=N), 8.72 (d, J = 8 Hz, 1H), 7.66 —
7.62 (m, 3H), 7.58 — 7.55 (m, 3H), 7.46 (d, J =4 Hz, 1H), 7.36 —
7.31 (m, 2H), 7.26 — 7.21 (m, 2H), 2.74 (s, 3H). *C-NMR (125
MHz, DMSO) 8 (ppm): 173.06, 161.42, 147.98, 136.15, 133.57, 132.44, 130.47, 129.90, 129.46,
129.27, 129.15, 126.79, 126.31, 124.55, 124.31, 123.83, 122.94, 118.90, 112.21, 111.06, 18.61.
LC-MS m/z: [M + H] calcd for C,3H;7N3S, 367.11; found, 368.00.

7.9. Representative Spectra

'H and “C-NMR Spectra of Compound 3b:
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8.1. 2-Azidobenzothiazoles: Important scaffolds for click chemistry

In click chemistry, organic azides play a key role. Applications for the cycloaddition of organic
azides and terminal alkynes are numerous, including combinatorial drug development, and
bioconjugation. The synthesis of triazoles begins with organic azides, one type of 1, 3-dipole that
is particularly significant. These heterocyclic derivatives have important uses in chemical
biology, pharmaceuticals, and material science, among others. Additionally, several
benzothiazole analogs bearing triazole moiety (Fig.-8.1) have been investigated as potential
anticancer, anti-inflammatory, anti-nociceptive, FGFR1 inhibitors, analgesic and antimicrobial
agents. Fluconazole, other antifungal medications, voriconazole, and albaconazole all include 1,
2, 4-triazole. However, no commercially available medications include the 1, 2, 3-triazole ring.
Diligent attempts have been undertaken to integrate 1, 2, 3-triazole into currently available
medications, further study is required to identify the lead molecule. Moreover, benzothiazole
analogs play a crucial role as a foundational structure for future molecular investigations to
produce novel compounds. Hence, we were intrigued by the opportunity to design new
compounds that would be very useful in click chemistry (Scheme-8.1), for which Carolyn R.
Bertozzi, Morten Meldal, and K. Barry Sharpless got the Noble Prize in 2022, and would be
utilized for the formation of biologically significant scaffolds. Recently, Singh et al. synthesized
triazoles derived from benzothiazole as promising antimicrobial agents, and various substituted
aryl azides were reacted with dialkyne substituted 2-aminobenzothiazole to generate desired
compounds by click chemistry. Compound (1) demonstrated its highest efficacy against both
Gram (+) and Gram (-) bacterial strains, boasting a MIC value of 3.12 ug/mL. This potency is
twice as effective as the standard drug ciprofloxacin, which has a MIC of 6.25 pg/mL (Fig.-8.2).
Similarly, Jakopec et al. synthesized and assessed the cytotoxicity activity of 1, 2, 3-triazoles of
benzothiazole derivatives (Fig.-8.3). Both methodologies utilized dialkyne substituted 2-
aminobenzothiazoles. Here, we synthesized 2-azidobenzothiazole derivatives which can react
with different mono-propargylated and bis-propargylated compounds. The immense importance
of 2-azidobenzothiazoles will further proceed when we apply them to the synthesis of
pharmacologically significant heterocyclic scaffolds. This may provide an extra credential for the

development of innovative protocols that might be worthy of curing diseases of new origin.
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Fig.-8.1: Chemical structure of pharmacologically important triazole-based benzothiazole

derivatives.
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Scheme-8.1: Substrate Scope of 2-azidobenzothiazoles.
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Fig.-8.3: Ferrocene derivatives of benzothiazole as important pharmacophores.

8.2. Benzothiazole amide derivatives as new antimycobacterial chemotypes

The evaluation of benzothiazole-2-carboxamides for their anti-tuberculosis (TB) activity, as
described in the study, holds promising implications for the future. The findings, summarized in
Chapter 5, reveal that certain compounds within this class, notably ligands Sa, Se, 5f, 5g, and 5I,
exhibited significant anti-TB activity at low concentrations, particularly 1.6 pg/mL for Sa.
Importantly, their efficacy is comparable to that of second-line standard drugs like Isoniazid,
Ethambutol, and Pyrazinamide, which have long been at the forefront of TB treatment. This
suggests that these benzothiazole-2-carboxamides could serve as potential candidates for
developing new anti-TB drugs, potentially offering alternatives or adjuncts to the existing
treatments. Additionally, the study delves into the structural aspects of these compounds,
highlighting the importance of the presence of nitrogen hetero-atoms in the fused ring for
enhanced anti-TB activity while revealing that the presence of oxygen and sulphur heteroatoms
may hinder their efficacy. Furthermore, the role of specific modifications, such as the methylene
group at the N-atom of the heterocyclic ring (as observed in Sh), is also explored, providing
valuable insights into the structure-activity relationship. Future research in this area could focus
on optimizing the chemical structures of these compounds and conducting further preclinical and
clinical studies to potentially develop novel and more effective anti-TB drugs, addressing the

urgent global need for improved TB treatment options.
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The present work focused on three significant research areas in the field of organic chemistry.
Firstly, a straightforward and high-yielding method for the synthesis of 2-azidobenzothiazoles
was developed, exhibiting promising antibacterial activity against various bacterial strains.
Secondly, a novel approach for the synthesis of benzothiazole amide derivatives using molecular
hybridization was presented. This method combined ethyl benzothiazole-2-carboxylate and
alicyclic piperazines without the need for catalysts or solvents, achieving high selectivity in a
remarkably short time. This research contributes to sustainable and efficient synthetic
methodologies in chemistry. In a separate investigation, the synthesis of Schiff bases with indole
aldehydes was explored. Piperidine was utilized as an organic base catalyst to facilitate the
synthesis process. This study aimed to provide a comprehensive understanding of the synthesis
of these novel Schiff bases and the unique advantages associated with the use of piperidine as a
catalyst. This research has contributed significantly to the field of chemistry. The development of
a high-yielding method for 2-azidobenzothiazole synthesis with promising antibacterial
properties underscores the importance of 2-azidobenzothiazoles in the pharmaceutical industry.
Additionally, an innovative approach to benzothiazole amide derivative synthesis, which is
catalyst-free and highly selective, opens up new possibilities for sustainable and efficient
synthetic methodologies. Furthermore, the exploration of the synthesis of Schiff bases with
indole aldehyde and the use of piperidine as a catalyst provides valuable insights into organic
chemistry. This research sheds light on the unique advantages of piperidine in this chemical
transformation, potentially leading to its wider application in various organic synthesis
processes. Overall, this work contributes to the advancement of chemistry and offers promising
implications for the development of more sustainable and efficient synthetic methods.

The emergence of antibiotic-resistant bacteria and the increasing prevalence of biofilm-
associated infections pose significant challenges to modern healthcare. Therefore, exploring
novel therapeutic agents that can effectively combat bacterial growth and biofilm formation is of
utmost importance. Moreover, the decline in the development of new antibiotics in recent years
has fuelled the urgent need for drug discovery efforts to combat antibiotic resistance and address
the challenges posed by biofilm-associated infections.

In this research, we explored the antibacterial and antibiofilm potential of 2-azidobenzothiazoles
along with the antimycobacterial activity of benzothiazole amide derivatives through a

comprehensive in vitro analysis. Our findings shed light on the efficacy and underlying mode of
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action of these compounds, offering valuable insights to aid in the creation of novel
antimicrobial approaches. In this study, we investigated the antibacterial potential of a series of
2-azidobenzothiazole compounds through a comprehensive in vitro analysis, including MIC,
MBC and subsequently performed the kill-kinetics, PAE, cell cytotoxicity, biofilm inhibition,
biofilm eradication assay of lead compound 2d that exhibited lowest MIC of 8 pg/mL against S.
aureus and E. faecalis. Our results showed that the series of compounds had antibacterial activity
against both Gram (+) and Gram (-) bacteria but the MICs were higher. Among the series of
compounds tested, one specific 2-azido-6-nitrobenzothiazole (referred to as compound 2d)
exhibited remarkable potency against Gram (+), E. faecalis and S. aureus, and remarkably all the
compounds were active with a MIC of 128 pg/mL against clinically resistant bacterial strains,
Methicillin-Resistant ~ Staphylococcus aureus and Multidrug-Resistant Escherichia coli
surpassing the efficacy of other tested compounds. However, for P. aeruginosa and B. cereus the
MIC values were relatively higher at 64 ng/mL. Additionally, for Gram (-) bacteria E. coli and
K. pneumoniae, the MIC values were 128 pg/mL. The compounds were further assessed for their
bactericidal potential against the most susceptible bacteria S. aureus and E. faecalis and it was
found all the compounds in the series demonstrated potent bactericidal effects against both. To
elucidate the mechanism of killing, we investigated the kill kinetics and PAE of compound 2d
against S. aureus and E. faecalis. The kill kinetics analysis revealed a rapid decline in bacterial
viability over time, indicating the efficient bactericidal activity of compound 2d. The PAE
assessment demonstrated a prolonged suppression of bacterial growth for approximately 5 hours
even after the removal of compound 2d, which was comparable to that of Ampicillin suggesting
its potential for intermittent dosing regimens and reduced frequency of administration.
Cytotoxicity studies revealed that compound 2d exhibited significantly lower toxicity towards
human cells at even higher concentrations for a prolonged time compared to bacterial cells,
indicating a favorable safety profile for potential therapeutic applications. This selective
cytotoxicity suggests that compound 2d may selectively target bacterial cells while sparing
human cells, reducing the risk of adverse effects. Furthermore, we evaluated the ability of
compound 2d to inhibit and eradicate biofilms formed by different bacterial strains. The biofilm
inhibition assays showed significant inhibition, up to 50%, at the MIC concentration and higher
for S. aureus and E. faecalis. Moreover, biofilm eradication assays conducted post-biofilm

formation (24, 48, and 72 hours) revealed a remarkable eradication percentage of up to 70%,
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demonstrating the efficacy of compound 2d in disrupting and eradicating mature biofilms. These
findings suggest that compound 2d may exert its antibacterial and antibiofilm effects by
interfering with these essential bacterial processes. In addition to this benzothiazole amide
derivatives has been identified as new antimycobacterial chemotypes having MIC in the low
micromolar range or similar to reference drugs. In conclusion, our comprehensive in vitro study
provides compelling evidence for the potent antibacterial and antibiofilm potential of compound
2d along with the promising antimycobacterial activity of benzothiazole amide derivatives.

Although our study provides valuable insights into the antibacterial, antimycobacterial, and
antibiofilm potential, it is essential to acknowledge some limitations. Firstly, our experiments
were conducted in vitro, and further investigations should include in vivo models to assess the
compound’s efficacy and safety in more complex biological systems. Our experiments were
conducted solely in vitro, using laboratory-based assays. While these provide a controlled
environment for evaluating the compound’s efficacy, they may not fully represent the
complexity of bacterial infections in vivo. Further investigations using animal models or clinical
studies are necessary to validate the potential therapeutic applications of these compounds.
Although we performed a comprehensive analysis, focusing on multiple aspects such as MIC,
MBC, kill kinetics, post-antibiotic effect, cytotoxicity, biofilm inhibition, biofilm eradication,
and molecular docking, numerous other factors could influence the efficacy and safety of these
compounds. Factors such as pharmacokinetics, tissue penetration, drug metabolism, and potential
drug-drug interactions were not specifically addressed in our study. Molecular docking
investigations offer valuable perspectives into the possible binding interactions between
compounds and their target proteins. However, it is important to note that docking simulations
have inherent limitations and may not precisely predict the actual binding affinities or biological
effects. Further experimental validation and structural elucidation techniques are necessary to
confirm the specific binding modes and interactions. While our study identified one potent lead
compound 2d with significant antibacterial and antibiofilm activity and five benzothiazole amide
derivatives with potential antimycobacterial activity, it is crucial to explore a broader range of
compounds and structural modifications. The development of multiple lead compounds with
diverse chemical scaffolds can increase the chances of finding more effective and selective
antimicrobial agents. Our study focused primarily on in vitro assessments, and clinical data

regarding the safety and efficacy of these compounds in human subjects are lacking. Clinical
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trials are needed to evaluate the compounds' performance in real-world scenarios and assess
factors such as dosage, treatment duration, and potential side effects. While we have provided
insights into the potential molecular targets and mechanisms of action through molecular
docking studies, further investigations, such as proteomics or transcriptomics, are required to
validate and elucidate the precise mechanisms underlying the antibacterial and antibiofilm
effects of the compounds. Addressing these limitations and conducting further research will
enhance our understanding of the potential of 2-azidobenzothiazoles as antimicrobial agents and
pave the way for their future development and clinical application.

Our comprehensive in vitro study holds significant implications and contributions to the
scientific community. It addresses the issue of antibiotic resistance which is fuelled by the
decline in the development of new antibiotics that necessitates the exploration of novel
therapeutic agents. Our study provides valuable insights into the antibacterial activity of 2-
azidobenzothiazoles, demonstrating their potency against both Gram (+) and Gram (-) bacteria,
including drug-resistant strains. Furthermore, infections linked to biofilm formation present a
substantial challenge in clinical environments, primarily because they exhibit inherent resistance
to traditional antibiotics. Our study reveals the remarkable ability of the lead compound 2d, to
inhibit and eradicate biofilms formed by various bacterial strains. This finding has important
implications for developing effective strategies to manage chronic and persistent infections
associated with biofilms. The identification of a potent lead compound 2d with selective
cytotoxicity towards bacterial cells while sparing human cells highlights its potential for
therapeutic applications. This finding offers promising prospects for the development of safe and
effective antimicrobial treatments. Further optimization and exploration of the lead compound,
along with other compounds in the series, may lead to the development of novel antibiotics or
antimicrobial agents. Our study further exemplifies the importance of drug discovery efforts in

combating antibiotic resistance and biofilm-associated infections.
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