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ABSTRACT

Heterocyclic chemistry stands as a pivotal branch within organic chemistry, contributing
significantly to the extensive realm of known organic compounds. Its impact extends across
both medical and industrial domains, with a profound influence on the development of society.
A substantial proportion of pharmaceuticals, dyes, cosmetics, polymers, agrochemicals, and
more are comprised of heterocyclic structures. The paramount importance of heterocyclic ring
systems in industry is evident, as these compounds often serve as fundamental templates for
synthesizing diverse industrially valuable substances. They play a crucial role in the synthesis
of pharmaceuticals, natural products, vitamins, biomolecules, dyes, agrochemicals, and other
essential compounds. Some heterocycles also exhibit biochemiluminescence and
photochromic properties, adding to their versatility. Additionally, heterocycles play roles as
semiconductors, organic conductors, light-emitting diodes, photovoltaic cells, light-harvesting
systems, and liquid crystalline compounds. The synthetic utility of heterocycles extends to their
use as catalysts, protecting groups, and metal ligands in inorganic synthesis.

Given these multifaceted applications, heterocycles warrant substantial attention in
organic chemistry. The continuous exploration and development of efficient methods for
creating new heterocycles represent a significant area of focus within the discipline. Common
heterocycles typically consist of 5 or 6-membered rings containing nitrogen, oxygen, or sulfur,
emphasizing their prevalence and importance in organic chemistry. In this regard,
benzothiazole and benzothiazine ring systems are of utmost significance. The pharmaceutical
and biological activities of benzothiazines (4H-1,4-benzothiazines) have been acknowledged
due to their structural flexibility, facilitated by folding along the N-S axis. The extent of folding
is significantly influenced by the arrangement and nature of substituents. Benzothiazoles hold
a prominent position in research, particularly within synthetic and medicinal chemistry, owing
to their noteworthy pharmaceutical properties. This crucial class of derivatives exhibits a
diverse array of biological activities, encompassing anti-inflammatory, antidiabetic, anticancer,
anticonvulsant, antibacterial, antiviral, antioxidant, antituberculosis, enzyme inhibition, and
more. Consequently, numerous methodologies have been developed to synthesize
benzothiazole compounds, emphasizing considerations such as purity, yield, and selectivity of

the final products.

The present study is divided into five main chapters focusing on developing new
synthetic routes and demonstrating anti-cancer activity of various substituted benzothiazole

and benzothiazine derivatives. The first chapter deals with the general introduction of



heterocycles with focus on structural and biological applicability. The second chapter
specifically deals with the recent advancements in the synthesis of benzothiazole and
benzothiazine containing core structures involving diverse methods such as microwave-
assisted techniques, nanocatalysis, environmentally friendly (green) synthesis, click reactions,
and multicomponent routes. The diverse range of therapeutic benefits linked to medications
containing benzothiazole and benzothiazine has inspired medicinal chemists to not only
develop a multitude of innovative therapeutic agents but also to explore additional methods for
synthesizing their derivatives.

In the third chapter, green unconventional route involving oxidative cycloaddition of 2-
amino benzenethiol and 1,3-dicarbonyls employing a catalytic amount of ceric ammonium
nitrate has been devised for the synthesis of 2,3-disubstituted-1,4 benzothiazines. CAN, like
several other oxidizing agents, has the capability to transform thiols into sulfenyl radicals,
leading to the formation of disulfides and various subsequent oxidation products such as
sulfoxides, sulfones, and other derivatives. To establish the role of CAN, experiments were
conducted where thiols were oxidized with an equivalent amount of CAN in presence of
oxygen at room temperature. All the molecules were characterized by spectral analysis and
tested for anticancer activity against various cancer cell lines using various functional assays,
thereby, exhibiting maximal activity against A-549 lung cancer cell line. Further in silico
screening of Propyl 3-methyl-3,4-dihydro-2H-benzo[b][1,4]thiazine-2-carboxylate against
six crucial inflammatory molecular targets such as Il1-o (PDB ID: 5UC6), 111-p (PDB ID:
6Y8l), 116 (PDB ID: 1P9M), Vimentin (PDB ID: 3TRT), COX-2 (PDB ID: 5KIR), 118 (PDB
ID: 5D14) and TNF-a (PDB ID: 2AZ5), was done using AutoDock tool.

Fourth chapter includes synthesis of new analogs based on benzothiazole-piperazine
conjugates which were investigated for their anticancer properties using in vitro and in silico
techniques. The compounds were tested against various cancer cells, and the results revealed
that all the compounds displayed significant anticancer potency against C4-2 cells. Among all,
2-(4-(pyrimidin-2-yl) piperazin-1-yl) benzo[d]thiazole demonstrated the most significant
activity in the cell viability assay conducted on the C4-2 cell line. Molecular docking results
also revealed that all the compounds exhibited good energy binding score against the androgen
receptor (AR) with a maximum binding energy of -9.87 kcal/mol followed by other
compounds. Docking results were further supported by MD simulation studies, which
confirmed that the ligand+protein complex was in stable conformation throughout the

simulation time of 100 nanoseconds.



Fifth chapter, specifically, deals with benzothiazole derivatives incorporating various
phenyl/heterocyclic moieties with an imine linkage have exhibited promising anti-cancer
properties across various stages of cancer development. Notably, a synthesized derivative, (E)-
1-(4-(1H-indol-2-yl)phenyl)-N-(6-nitrobenzo[d]thiazol-2-yl)methanimine, has
demonstrated remarkable efficacy against the C4-2 cancer cell line, fueling enthusiasm for the
exploration of small molecules in cancer therapy. In the computational realm, analyses have
identified  compound  (E)-1-(4-(1H-indol-2-yl)phenyl)-N-(6-nitrobenzo[d]  thiazol-2-
yl)methanimine as exhibiting the highest binding affinity for the AR protein, marking such

molecules as potential lead candidates with favorable pharmacokinetic properties.
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Review of Heterocyclic Compounds




1.1 Introduction

Heterocyclic compounds refer to the cyclic structures that are formed by introducing one or
more heteroatoms (atoms other than carbon) into a carbocyclic system. The most commonly
encountered heteroatoms, either individually or in combination, in a cyclic system, are
nitrogen, sulfur, and oxygen. Though heterocycles containing heteroatoms like Te, Pb, B, etc.,
are documented, they are not very prevalent. Heterocycles consisting of five and six members
are prevalent both as independent structures and as components of integrated ring systems in
both synthetic/natural compounds [1]. Heterocyclic compounds can be primarily categorized
into three classes based on their saturation level: completely saturated, partially saturated, and
completely unsaturated. Saturated heterocycles, like aliphatic amines, exhibit similar behavior.
In saturated heterocycles, all the carbon and heteroatoms are sp® hybridized, and a lone electron
pair is found in a non-bonded hybridized orbital. In contrast, un-saturated heterocycles consist
of atoms that are sp? hybridized. These electrons contribute to a pi-electron sextet, which
imparts aromatic characteristics to the unsaturated heterocycles [2]. Completely un-saturated
conjugated heterocycles involve all carbons being sp? hybridized. The p orbital, perpendicular
to the hybrid orbital, actively participates in the creation of = bonds. These heterocycles exhibit

aromatic characteristics as they satisfy the criteria of having 4n+2x electrons [3].
1.2 Classification of heterocyclic compounds

Heterocycles are classified into two categories based on their structural and electronic
configuration: aliphatic and aromatic heterocycles and aromatic. Aliphatic heterocyclic

compounds include cyclic ethers /thioethers or amines (Figure 1.1).
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Fig. 1.1 Examples of aliphatic heterocyclic compounds
Aromatic heterocyclic compounds, similar to benzene, exhibit characteristics governed by

Huckel's rule. They can be considered analogs of benzene in terms of their structure and

electronic properties [4] (Figure 1.2)
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Fig. 1.2. Examples of aromatic heterocyclic compounds
Based on the structural diversity, heterocyclic compounds can be classified into three groups.

1. 5-membered heterocycles: These compounds can be obtained from benzene by substituting
one C=C bond with a heteroatom possessing a lone pair of electrons. Based on the number of
heteroatoms that are present in the cyclic ring, this category can be further divided into the

following subcategories:

a) Heterocycles with one hetero-atom: Examples of this group include furan, thiophene, and

pyrrole (Figure 1.3)
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Fig. 1.3. Five membered heterocycles with 1 hetero-atom

b) Heterocycles with more than a single heteroatom: These heteroatoms can be either the same

or different. Examples include pyrazole, imidazole, thiazole, oxazole, triazole, etc. (Figure 1.4)
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Fig. 1.4. Five membered heterocyclic compounds with more than one heteroatom

2. 6-membered heterocycles: This category of compounds can be obtained by replacing a C-
atom in benzene with an iso-electronic atom. Comparable to 5-membered heterocycles, 6-

membered heterocyclic compounds can also be further divided into subcategories.



a) Heterocyclic compounds with a single heteroatom: Examples of this group include pyridine,

pyran, and thiopyran (Figure 1.5)
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Fig. 1.5. Six membered heterocyclic compounds with one heteroatom

b) Heterocycles having more than one hetero atom: Examples of this group of compounds are

pyridazine, pyrazine, pyrimidine etc. (Figure 1.6)
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Fig. 1.6. Six-membered heterocycles with more than one heteroatom

3. Fused heterocycles belong to a class of compounds that contain two or more rings that are
fused. These fused rings can be a combination of carbocyclic (containing carbon atoms) and
heterocyclic (containing heteroatoms) rings. Examples of such compounds include indole,
quinoline, isoquinoline, and carbazole. Alternatively, the fused rings can be entirely
heterocyclic, as seen in compounds like purine and pteridine [5] (Figure 1.7)
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Fig. 1.7. Fused heterocyclic compounds

Heterocyclic compounds, prized for their ability to mimic biological structures and serve as
reactive pharmacophores, play a crucial role in both natural pharmaceuticals and synthesized
substances, offering extensive opportunities for uncovering novel lead compounds and
understanding activity correlations with biological targets. Their distinctive characteristics,
including hydrogen bond donors/acceptors within a partially rigid framework, make them
highly attractive in drug discovery, garnering considerable focus in research efforts [6]. The
adaptability of heterocycles arises from their capability to integrate compact and rigid

molecular structures while maintaining a high level of molecular heterogeneity [7].



Heterocyclic nuclei are prevalent in various crucial components within living cells. Examples
encompass the purine and pyrimidine bases within the genetic material DNA, vital amino-acids
as well as essential substances such as coenzyme precursors and vitamins [8]. Heterocyclic
nuclei are present in the B> and E vitamin families, chlorophyll, haemoglobin, and its
degradation bye-products, bile pigments, as well as various hormones such as kinetin,
heteroauxin, serotonin, and histamine. Furthermore, several sugars include diverse heterocyclic
nuclei [9].

A broad spectrum of natural compounds, encompassing antibiotics like penicillin,
cephalosporins, along with alkaloids such as vinblastine, morphine, and reserpine, feature
heterocyclic components. Heterocyclic structures are also evident in cyclo-peptides,
macrolides, poly-ketides, steroids, glycosides etc. By examining the structures of various
marketed drugs currently used in therapy, we can appreciate the presence of heterocyclic
moieties. Instances include tubercidin, aminoglycosidal antibiotics like streptomycin and sulfa
drugs like Sulphathiazole 1, the anti-diabetic medication Pioglitazone 2, the anti-protozoal
medication Tinidazole 3, the C.N.S stimulant Mazindaol 4, the anti-thyroid agent Carbimazole
5, the anti-inflammatory medication Indomethacin 6, diuretic like Ethoxzolamide 7, and the
anti-histamine Trimeprazine 8. All of the mentioned compounds feature varied heterocyclic

moieties [10].
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1.3 N-containing heterocycles

Nitrogen-possessing heterocycles are widely distributed in the natural world and hold a pivotal
role in numerous biological processes. They serve as indispensable structural elements present
in a myriad of natural products, encompassing vitamins, hormones, antibiotics, alkaloids,

herbicides, dyes, and pharmaceuticals [11].
1.3.1 Pyrrole and its benzo derivatives

Pyrrole and its benzo derivatives, like indole, are crucial nitrogen-containing heterocycles that
serve as fundamental building blocks for naturally occurring porphyrins, essential in biological
processes such as heme synthesis. Their diverse derivatives display a spectrum of physiological
activities, with 1,2,3,5-tetrasubstituted pyrrole derivatives particularly noted for their
antibacterial, antiviral, anti-cancer, and antioxidant properties, as well as their potential in
treating cytokine-mediated diseases and hypertension. For instance, Atorvastatin 9 is used for
treating cardiovascular disorders, Bisdistamycin10 exhibits anti-HIV activity, and BM 212 11
shows efficacy against multi-drug-resistant tuberculosis [12].
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Most of the NSAIDs (Nonsteroidal anti-inflammatory drugs) contain a benzene ring as the
aromatic nucleus. These drugs often have a propionic acid attached to the 2" position in the

benzene entity, which serves as the side chain. An example of such a compound is Clopirac 12.

12

Indole and its derivatives, benzopyrroles, are pivotal in drug discovery due to their
pharmaceutical activities, serving as essential structural elements for potential drug candidates.
Their presence in alkaloids and the recognition of tryptophan's significance in human nutrition
have spurred extensive research, leading to the development of diverse therapeutic agents.
Indole-based compounds exhibit multifaceted pharmacological effects, including anti-
inflammatory actions, phosphodiesterase inhibition, modulation of 5-hydroxytryptamine and
cannabinoid receptors, and HMG-CoA reductase inhibition. Leveraging the conserved binding
pocket in G-protein associated receptors (GPCRs), indole scaffolds are widely utilized in
medications such as indomethacin, ergotamine, ondansetron, among others [13].

Indole is a widely recognized structure in heterocyclis compounds that plays a crucial
role in various natural products and medicinal agents. Compounds featuring the indole moiety
have demonstrated antibacterial, antifungal, antiviral, and anti-estrogenic characteristics. Many
natural products with the indole ring have been discovered, including Nortopsentins 13, known
for their antitumoral effects, Martefragin A 14, a potent inhibitor of lipid peroxidation,
Indololactum V 15, a protein kinase C activator, and Fumitre morgin 16, a distinct
counteracting agent for the protein resistant to breast cancer. Indole serves as a key component
in medications like Indomethacin for inflammation and selective factor Xa inhibitors,
showecasing its diverse pharmacological properties. Its versatile structure makes it valuable in
drug development, with related heterocycles like indolizines showing antiarrhythmic effects,
oxindoles with anti-rheumatic properties and inhibition of mandelo-nitrile Lyase, and
derivatized indolines known for their potency and selectivity as 5-HT3 receptor antagonists
[14].
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1.3.2 Azoles and their derivatives

Azoles are characterized by a heterocyclic ring system that includes 2 or more nitrogen atoms..
They have become potent agents against fungal and bacterial infections, addressing both
common and severe cases. Notably, recognized derivatives of azoles possess a gem- phenyl-
imidazol-1-yl 17 entity, considered a key contributor to their antifungal effectiveness.
Examples of such derivatives include Chloromidazole 18, Miconazole 19, Ketoconazole 20,
and Flucanzole 21, all of which have been developed for clinical use. Examinations of SAR
has indicated that the imidazole and phenyl rings, serving as shared pharmacophoric elements

in these compounds, can be replaced with triazoles [15].
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Benzimidazoles are a class of compounds that consist of an imidazole ring fused to a benzene
ring. They have been found to possess significant physiological and pharmacological activity.
Compounds derived from benzimidazole have been employed in addressing various health
conditions such as epilepsy, and diabetes, and as agents with antimicrobial and anticancer
properties. Notable examples of benzimidazole compounds with clinical relevance include the
antihistamine Astemizole 22 and proton pump inhibitors such as Omeprazole 23, Lansoprazole
24, and Pantoprazole 25 [16].
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Benzotriazole derivatives, which feature a benzene ring fused with a nitrogen-containing ring,
represent a unique class of bioactive compounds. These compounds have been employed as
antiemetics, with Alizapride 26 being a notable benzo-triazole derivatives utilised in the

management of adverse effects associated with cisplatin chemotherapy [17].



The indazole nucleus is a crucial component in numerous drug compounds, exhibiting diverse
pharmacological activities including antitumor, antimicrobial, and antiplatelet effects.
Lonidamide 27, which contains an indazole moiety, demonstrates anticancer activity.
Similarly, Bendazac 28 and Benzydamine 29 are examples of indazole-containing drugs

marketed for their anti-inflammatory properties [18].
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1.3.3 Quinolines and isoquinolines

Quinolines and isoquinolines, along with their tetrahydroderivatives, are widely present in both
natural and synthetic compounds with prominant biological activity. For instance, Mefloquine
30, an antimalarial drug, Levofloxacin 31, Trovafloxacin 32, which are broad-spectrum
antibacterial agents, Ciprofloxacin, which can also treat anthrax, Nomifensine 33, an
antidepressant drug, and Quinapril 34, an inhibitor of angiotensin-converting enzyme.
Chloroquine 35, a widely recognized medication for treating malaria, also incorporates a
quinoline core. Furthermore, these heterocycles have demonstrated their ability to act as
ligands for the human glucocorticoid receptor [19, 20]
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1.3.4 Quinazoline

Quinazoline, also known as benzopyrimidine, and its derivatives serve as fundamental building
blocks for approximately 150 naturally occurring alkaloids found in various plant families,
microorganisms, and animals. This heterocyclic arrangement is present in Trimetrexate 36, a
medication utilized for pneumonia induced by Pneumocystis carinii, as well as in Prazosin 37,
employed for managing BPH, and the antihypertensive medication ketanserin. Quinazoline
derivatives demonstrate diverse biological properties, encompassing antitumor effects 38,
robust non-nucleoside reverse transcriptase inhibition of HIV- 1, and anti-microbial activity
39, antagonism of the human adenosine A(3) receptor and anti-inflammatory, anti-asthmatic,

and anti-ischemic activities [21].
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1.3.5 Quinoxaline

Quinoxaline is a type of nitrogen-containing compound. One specific derivative, quinoxaline
di-N-oxide 40, has been known to demonstrate anti-trypanosomal activity in laboratory tests
against Trypanosoma cruzi. Certain analogs of imidazo[1,5-a]quinoxaline 41 have
demonstrated anxiolytic properties by effectively binding to GABA receptor. Chloro derivative
of quinoxaliyl with a phenoxy along with propionic acid group 42 (known as XK 469), has
shown broad effectiveness against mammary adeno-carcinoma. Numerous quinoxaline
compounds have been identified as having angiotensin Il receptor antagonist activity as well

as adenosine receptor antagonistic activity [22].
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1.3.6 Benzazepines

Benzazepines are the group of heterocyclic systems featuring a nitrogen atom within a seven-
member ring structure. In a study by Link et al. in 1998, a group of derivatives called 7, 12-
dihydro-indolo-[3, 2-d][1]benzazepin-6 (5H)-one 43 and similar heterocycles 44 were found
to have the ability to inhibit cyclin-dependent kinases (CDKs). These compounds have also
demonstrated biological activity as selective inhibitors of acetylcholinesterase in the central
nervous system. Additionally, some compounds containing this structural motif have shown
effects as vasopressin receptor antagonists and specific agents for treating bradycardia [23, 24].

One example of such a compound is Zatebradine 45.
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1.3.7 Benzoxapines

Benzoxapines are a class of compounds that feature a benzoxazepine ring system. Among these
compounds, nitroxazepine 46 and related derivatives have been found to possess significant
antidepressant activity. Additionally, a novel class of derivatives called 1,4-benzoxazepines
(BZOs) 47 has been identified as effective and selective 5-HT1A agonists, demonstrating
potent antiischemic effects [25].
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1.3.8 Benzothiazepines

Benzothiazepines are a class of compounds that share a structural resemblance to
benzodiazepines. They consist of bicyclic heterocycles comprised of a benzene unit attached
to a thiazepine moiety. The most commonly encountered structural isomers for these
heterocyclic frameworks are 1,4-benzothiazepines and 1,5-benzothiazepines. Dilitiazen 48, a
renowned 1,5-benzothiazepine-4-one, stands as one of the extensively employed medications
for managing cardiovascular disorders, primarily owing to its function as a calcium channel

blocker. Certain others 49, 50 are selective and potent bradykinin antagonists [26].
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1.3.9 Benzodiazepines

Benzodiazepines are heterocycles that possess an N- atom embedded in a seven-membered ring
system, which attached to a benzene ring. These compounds exhibit a wide range of
pharmacological activities, including antiarrhythmic effects, vasopressin antagonism,
inhibition of HIV reverse transcriptase, and antagonism of cholecystokinin receptors. The
benzodiazepine nucleus present in Diazepam 51, Triazolam 52, and Midazolam 53, which are
well-known drugs, is utilized for its anxiolytic, sedative, and anticonvulsant properties.
Furthermore, specific naturally occurring substances have been recognized to possess the core

structure of 1,4-benzodiazepine-2,5-dione [27, 28].
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1.3.10 Pteridines

Pteridines constitute a category of compounds featuring two fused 6-membered heterocyclic
group, specifically pyrimidine or pyrazine. These substances showcase diverse biological
activities and form the foundational structure for various drugs found in the market. For
instance, the anti-folate drug methotrexate (MTX) 54, discussed by Khaled et al. in 1984, is
utilized as an antitumor agent. Another substance, SCI-208 55, as documented in the literature,

functions as an antihepatitis agent by impeding TGFB-R1 Kinase. Several other pteridines have



been noted for their interactions with biological entities like alkyltransferase, adenosine kinase,

, Xanthine oxidase, and neuronal NO synthase [29].
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1.3.11 Triazine and its derivatives

Triazines and their benzoderivatives are the compounds bearing a resemblance to the benzene
structure, with nitrogen atoms replacing the carbon atoms. The three distinct isomers of triazine
can be identified by the arrangement of their nitrogen atoms (Figure 1.8).
N. N, N
3 N
RITI [ ) 7

1,2,3- Triazine 1,2,4-Triazine 1,3,5-Triazine

Figure 1.8. Isomers of triazine

Many man-made compounds featuring the triazine ring display notable biological activity and
find applications as pharmaceutical agents [30]. 5-azacytidine 4-amino-D-ribofuranosyl
derivative of triazine 56, is a man-made analog of the naturally occurring cystidine, displaying
potent anti-leukemic properties. Tirapazamine 57 (TPZ 1, 2, 4- benzotriazin-3- amine 1,4-
dioxide) represents a highly advanced bioreductive drug that selectively targets hypoxic cells.
Additionally, specific phenyl substituted triazines have been employed for therapeutic

purposes, acting as antimalarial, antifungal, and antiparasitic agents [31].
A 0o®

Ho/\;ii\I ’ Qg\j\l\NHz



1.4 Oxygen-containing heterocycles

Oxygen-containing heterocyclic compounds are extensively distributed and can be identified
in a multitude of natural products. They are also present in diverse synthetic compounds. They
have demonstrated capabilities in anticoagulant, antipsoriasis, viral protease inhibition,
antibacterial, antitumoral, antioxidant, antiproliferative, and central nervous system altering
activities [32]. The category of oxo-heterocyclic compounds encompasses the following

varieties:
1.4.1Furans and Benzofurans

Furan and its analogs is an important category of compounds found in nature that have attracted
attention due to their biological activity and their role in defense systems. They are utilized as
oxidants, antioxidants, and brightening agents, and have relevance in the development of drugs.
One prominent example is amiodarone 58, which is a lipophilic benzofuran derivative
containing iodine. It is widely employed for the treatment of ventricular tachyarrhythmia.
Naturally prevalent furocoumarins, including Psoralen 59 and Methoxalen 60, contain
benzofuran structures. These compounds are derived from the seeds of Ammi majus L and are
utilized in the cure for psoriasis and other skin diseases [32]. Psoralen also finds application in
phototherapy, where it can undergo photoaddition reactions with thymine units in DNA [33].
Usnic acid 61, which contains a benzofuran moiety, is a commonly found and abundant
metabolite in lichens. It is renowned for its antibiotic properties and exhibits other intriguing
pharmacological effects such as antimicrobial activity and the ability to regulate tumor
proliferation [34]. Nitrofuran 62 and Nitroxyzone 63, both containing a furan nucleus, function
as antibacterial agents, with Nitroxyzone being a hydrophillic congener. Dantrolene 64 is a
muscle relaxant which operates by interfering with contraction-excitation coupling in muscle
cells through its interaction with the ryanodine receptor. It is extensively employed as an
efficacious remedy for hyperthermia [35]. Ranitidine 65 is a histamine H2-receptor antagonist
that operates by suppressing the generation of stomach acid. It is frequently recommended for
managing PUD and GERD [36].
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1.4.2 Coumarins

Coumarins, whether derived naturally or synthesized as 2-benzopyranone derivatives, are part
of a group of compounds exhibiting a range of pharmaceutical properties. Coumarin derivatives
have been found to exhibit anticoagulant, antioxidant, antiproliferative, and estrogen-agonist
effects [37]. These derivatives have the potential to be employed as therapeutic substances to
mitigate the onset of negative effects linked to menopause, for example; osteoporosis,
atherosclerosis, and cognitive impairment [38]. Significantly, specific derivatives of coumarin,
such as Calanolide 66 and Inophyllum 67, extracted from the Calophyllum genus (Guttiferae),
have demonstrated potent activity against human HIV-I [39].

Two pyranocoumarin derivatives found in nature, specifically Xanthyletin 68 and Seselin
69, have demonstrated a variety of effects, including antimicrobial, insecticidal, antitumor, and
anti-HIV activity. Seselin is additionally utilized as a photosensitive drug for treating skin
disorders [40]. Carbochromen 70, a highly effective and selective coronary vasodilator, has
been employed for an extended period in the treating angina pectoris. Warfarin 71, a different
derivative of coumarin, exhibits robust anticoagulant activity and favorable pharmacokinetic
attributes [41].



1.4.3 Chromans/ chromenes

Chromans/es, notable for their O-containing heterocyclic structures, exhibit varied biological
activities, including spasmolytic, anticoagulant, and cognitive enhancement properties.
Explored for treating neurodegenerative conditions like Alzheimer's and Parkinson's diseases,
they also show potential in addressing AlDS-associated dementia, Down's syndrome,
schizophrenia, and myoclonus [42]. Chromenes are also examined as antagonists for anti-
apoptotic Bcl-2 proteins to address drug resistance in cancer 72 [43]. Additionally, a specific
chromene derivative called Quercinol 73 has been investigated for its anti-inflammatory
properties. Significantly, a variety of derivatives of chromene and chroman have surfaced as a
new category of medications recognized as selective estrogen receptor modulators (SERMs)
74,75,76 [44].




1.4.4 Flavonoids

Flavonoids constitute an extensive category of compounds found naturally, characterized by
aryl-substituted chromonones or pyrones, sharing a unified 3-ring scaffold. These compounds
were identified to possess diverse advantageous properties. They exhibit antitumoral, anti-
atherosclerotic,  cardioprotective,  anti-inflammatory, antioxidant, antiosteoporotic,
antimicrobial, and antiviral characteristics, as indicated by various studies [45,46]

The antioxidant activity of flavonoids is one of the extensively researched health benefits.
Flavonoids can scavenge free radicals and protect cells from oxidative damage. In the realm of
anticancer investigation, flavonoids have demonstrated the ability to impede the cellular
metabolic activity of the carcinogen benzopyrene. Additionally, they amplify the cytotoxicity
of TNF-a. Furthermore, flavonoids display inhibitory activity against tyrosinase, moderate
aromatase inhibitory activity, and the capacity to hinder estradiol-induced DNA synthesis [47].
Particular flavonoids, like Baicalein, have been recognized as strong inhibitors of platelet 12-
human lipoxygenase [48]. Karanjin 77 exhibits hypoglycemic properties, whereas derivatives

78 and 79 display anti-cancer activity [49].




1.4.5 Xanthenes and Xanthones

The distinct structural features and biomedicinal propert of xanthones have inspired researchers
to discover or create novel derivatives with the potential for drug development. Xanthones
exhibit a wide range of biological activities based on their molecular structures. Research,
exemplified by the investigation carried out by Sanugul et al. in 2005, has underscored the
varied attributes of xanthones, encompassing anti-hypertensive, anti-oxidative, anti-
thrombotic, and anticancer properties. Whether synthesized or obtained from natural sources,
polyoxygenated xanthones have exhibited inhibitory effects against diverse cancer cells.
Psorospermin 81, for instance, derived from the African plant Psorospermum febrifugem, has

displayed promising anti-cancer effects on both human and murine cancer cell lines [50].

Certain derivatives of xanthones have displayed distinct activities and roles. Mangiferin,
categorized as a xanthone glucoside, functions as a robust a-glycoside inhibitor. Sch-56036 82
has showcased potent antifungal capabilities. a-Mangostin 83, another xanthone derivative 84,
serves as a competitive antagonist for the histamine H1 receptor, inhibits both topoisomerases
I and Il, demonstrates antibacterial effects against H. pylori, possesses anti-inflammatory
properties, and can inhibit oxidative damage to human low-density lipoprotein [51].
Astroviridin 85 is a recently extracted tetracyclic poly-hydroxylated xanthone from the stem
bark of G. atroviridis. It has traditionally been used for ear ache and is currently being studied
for its potential pharmacological properties. These examples illustrate the diverse biological
activities exhibited by xanthones and highlight their potential as sources for developing new
drugs [52].
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Xanthenes are a group of alkaloids derived from xanthine that are commonly utilized for their
mild stimulant properties and as bronchodilators, particularly in the treatment of asthma
symptoms. Instances of xanthene derivatives with methyl groups comprise caffeine,
aminophylline, IBMX, paraxanthine, theobromine, and theophylline etc. [53]

Xanthene derivatives display a diverse array of medicinal characteristics, encompassing
antifungal, and anti-inflammatory properties. For instance, a novel CCR1 receptor agonist 86
is an example of a biologically active xanthene that has specific effects on the CCR1 receptor.
Additionally, certain xanthene derivatives have been identified as chemosensitizers 87, 88, 89
enhancing the effectiveness of treatment against chloroquine-resistant Plasmodium falciparum,
a malaria-causing parasite. The diverse applications of xanthene derivatives extend beyond
their biological activities. They are also utilized in various fields due to their functionalities.
For instance, xanthene derivatives are used as dyes and find applications in laser technology.
Additionally, they can serve as fluorescent materials sensitive to pH changes, enabling the

visualization of biomolecular assemblies [54].
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1.5 Sulfur heterocycles

Heterocyclic compounds possessing sulfur occur in a variety of biologically active substances,
demonstrated by the identification of various medications like sulphonamides and sulfones.
These drugs have demonstrated significant activities against malaria, mycobacterial infections,



bacteria, fungi, and other pathogens. Several drug molecules containing a sulfur heterocyclic
ring system have been developed for specific therapeutic purposes. As an example, Raloxefene,
incorporating a benzothiophene core, is employed for osteoporosis treatment.
Chloroprothixene, containing a thioxanthene structure, is employed as a psychotropic drug.
Additionally, drugs derived from thiadiazole, such as Cezopram, have been utilized as
antibiotics [55].

1.5.1 Thiophenes and benzothiophenes

Thiophenes and benzothiophenes are widely found in nature and exhibit diverse biological
activities. They are extensively used as functional materials in various applications including
dyes, liquid crystal moieties, and organic polymers. Certain derivatives of 4,7-
dioxobenzo(b)thiophene 90, 91 have demonstrated antifungal properties. Additionally,
compounds like DDE934 92 and NSC-380292 93 have been utilized as anti-HIV agents and
have shown greater potency than Nevirapine. Benzothiophenes have gained significance as
crucial pharmacophores in the field of medicinal chemistry [56]. Significantly, Raloxifene and
Arzoxifene 94 have been effectively formulated as inhibitors of bone resorption and are part of
an innovative category known as selective estrogen receptor modulators (SERMs). These
examples highlight the significant role of thiophenes and benzothiophenes in the development

of biologically active compounds with therapeutic potential [57].
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1.5.2 Thiochromenes

Thiochromenes, specifically those belonging to the 2H-1-benzothiopyran group, are integral in
the synthesis of pharmaceuticals. Derivatives of thiochromenes 95 have been found to possess
interesting biological properties, including their ability to modulate estrogen receptors and
inhibit cyclooxygenase-2 (COX-2), an enzyme involved in inflammation [58]. What makes
thiochromene derivatives particularly noteworthy is their greater biological efficacy in
comparison to their oxygen equivalent, the benzopyran moiety, when it comes to drug
development. For example, a thiochromene analog of Ritonavir 96 has been recognized as a
potent inhibitor of HIV-I protease, demonstrating greater efficacy than the original Ritonavir
compound. These findings emphasize the significance of thiochromenes and their derivatives

in the development of pharmaceutical compounds with notable biological effects [59].
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1.5.3 Thioxanthenes

This group of compounds constitutes an important classification of drugs regarded as tricyclic
pharmaceuticals, which have been extensively studied and widely used in the treatment of
various mental and physical disorders. These compounds have demonstrated effectiveness in
various conditions, including depression, Parkinson's disease, and diverse types of allergies.
Several drugs belonging to this category are presently employed in clinical settings. For
instance, Chlorprothixene 97 is a psychotropic drug, Flupenthixol 98 is an antimicrobial drug,
and Clopenthixol 99 is a neuroprotector [60]. However, these drugs also possess additional
clinical properties, including being anti-tumor agents, positive allosteric modulators of mGlu
receptors, ligands for the 61 receptor, anti-emetic and anti-nausea agents, antihistamines, and

enhancers of the sedative and general anesthetic effects of analgesics. Overall, these tricyclic



pharmaceuticals exhibit a wide range of clinical benefits and diverse pharmacological effects,

making them versatile compounds in the field of medicine [61].
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1.6 Heterocyclic compounds with more than a single hetero atom
1.6.1 Oxazoles

Oxazoles, characterized by a 5-membered heterocyclic ring containing both nitrogen and
oxygen atoms, serve as essential components in the synthesis of natural products and synthetic
intermediates. The substituted oxazole motif, prevalent in numerous natural compounds,
showcases diverse biological activities across various therapeutic domains, with particular
attention drawn to polyoxazole-containing molecules identified over the last two decades for
their distinctive biological properties. For instance, Telomestatin and Ulapualide A are natural
products featuring polyoxazole moieties and have been noted for their diverse biological
activities. Virginiamycin M2 100 serves as an antibiotic, Hennoxazole A 101 displays antiviral
properties, and Leucascandrolide A 102 acts as an antifungal agent. Moreover, BMS-337197
103 has been recognized asan inhibitor of IMPDH, demonstrating anti-proliferative activity
[62].
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1.6.2 Isoxazoles

Isoxazoles are widely acknowledged as versatile building blocks in organic synthetic
chemistry. They have undergone extensive investigation for their pharmaceytical attributes,
encompassing hypoglycemic, analgesic, anticancer, and antibacterial activities. Hydroxy
substituted isoxazoles, in particular, have been employed in formulating drugs for the central
nervous system (CNS), such as AMPA 104 and APPA 105. In these instances, the 3-hydroxy
oxazole unit acts as a conformationally restricted substitute for the 7-carboxylic part of
glutamate, a primary neurotransmitter [63]. Recent research has concentrated on creating and
assessing various isoxazole derivatives for their anti-HIV, anti-thrombotic, and inhibitory
activities against 5-HT. Leflunomide 106 serves a modifying anti-inflammatory orally
administered agent employed in treating advanced rheumatoid arthritis. Another potent
compound, XU065 107, has shown antiplatelet effects. Furthermore, ki-6425 108 has been
identified as an antagonist for lysophosphatidic acid (LPA) [64].
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1.6.3 Thiazoles

Thiazoles are a class of heterocycles consisting of a five-membered ring containing both
nitrogen and sulfur atoms. They play a crucial role in natural processes, where the thiazole
component is a part of thiamine, a coenzyme vital for the oxidative decarboxylation of a keto
acids. The tetrahydrothiazole structure is evident in the core structure of penicillin, one of the
earliest and most significant broad-spectrum antibiotics [65]. Over the years, numerous thiazole
derivatives have garnered considerable interest due to their diverse biological activities.
Aminothiazoles, for example, have been identified as ligands for estrogen receptors and novel
adenosine receptor antagonists. Several noteworthy thiazole-based drugs include Tiazofurin
109, used for inhibiting the enzyme ionosin5"-monophosphate (IMP) that plays a vital role in
cell progression. Leinamycin 110 causes DNA damage with strong antimicrobial properties.
GW501516 111 has been identified as the most powerful and selective agonist for PPAR [66].
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1.6.4 Thiadiazoles

The 1,2,4-thiadiazole ring system has demonstrated fascinating therapeutic applications, with
numerous synthetic compounds displaying a diverse array of biological effects. As an
illustration, cefozopram possesses antibiotic attributes, whereas SCH-202676 112 exhibits
potential as an allosteric modulator for G-protein clubbed receptors. KC-12291 113 acts as a
cardioprotective agent. In recent years, the thiadiazolidinone derivative TDZD-8 114 has been
identified as the first non-ATP competitive inhibitor of glycogen synthase-3p, showcasing its
potential in medicinal chemistry. Researchers have also synthesized various derivatives of
thiadiazoles 115 to enhance the pharmacological characteristics of these primary compounds
[67].
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1.6.5 Oxadioazoles

1, 2, 4-oxadiazoles are of substantial interest in the medicinal field as heterocyclic amide and
ester isoesters. These have found widespread application in the development of diverse
pharmacologically significant compounds, ranging from muscarinic agonists, tyrosine kinase
inhibitors, histamine H-3 antagonists, and cytotoxic agents, to monoamine oxidase inhibitors.
Recent investigations have revealed that oxadiazole substituted benzene sulphonamide 116
functions as an adrenergic receptor agonist, 117 demonstrates higher affinity, selectivity, and
inverse agonist tendency at the human 5-HT1B receptor 118 , showcases robust anti-HIV
properties, and 119 exhibits tryptase inhibitor activity [68].
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1.6.6 Oxazolidinones

Oxazolidinones represent a notable category of heterocyclic compounds extensively employed
as intermediates in organic synthetic procedures. Chiral 2-oxazolidinones are known for their
remarkable efficacy in the stereoselective creation of numerous natural products, antibiotics,
and medically significant compounds [69]. The identification of oxazolidinones as a novel
group of synthetic antibacterials has introduced promising avenues in antibiotic research,
particularly given their effectiveness against drug-resistant Gram-positive organisms such as
MRSA and VRE [70].

Linezolid 120, the inaugural oxazolidinone to attain regulatory approval, has emerged
as a crucial therapeutic choice for severe infections caused by Gram-positive bacteria [71]. It
has demonstrated efficacy against multidrug-resistant pathogens, including MRSA and VRE.
Additionally, other oxazolidinones such as the piperazine analog epezolid 121 have advanced

into clinical trials [72].



1.7 Conclusion

Heterocyclic compounds stand as the largest and most diverse category within organic
compounds. Among these, aromatic heterocyclic compounds serve as fundamental structural
patterns present in numerous biologically active natural and synthetic compounds, as well as
in agrochemicals and pharmaceuticals. These compounds also play a crucial role in the creation
of dyes and significant polymeric materials. In the realm of organic synthesis, aromatic
heterocyclic compounds are frequently employed as transitional stages. While various effective
methods have been previously documented for constructing aromatic heterocyclic compounds
and their derivatives, the pursuit of new techniques remains constant. Particularly, there is a
continuous demand for innovative synthetic approaches towards heterocyclic compounds,
aiming to achieve higher levels of molecular intricacy and enhanced compatibility with
functional groups. These methods should ideally be resourceful, environmentally friendly, and
capable of utilizing readily accessible raw materials under normal conditions. This pursuit

stands as a significant focal point within the field of synthetic organic chemistry.



Synthesis and Importance of
Benzothiazole and Benzothiazine nucleus




2.1 Benzothiazoles
2.1.1 Introduction

Thiazole 1 is a well-known group of heterocyclic compounds characterised by a planar,
aromatic 5-membered ring that contains both sulphur and nitrogen atoms. Thiazoles exhibit
greater aromaticity compared to their corresponding oxazoles due to the delocalization of =-
electrons. These compounds can be found in various natural substances from both terrestrial
and marine sources, and they possess diverse biological activities. Thiazoles serve as
fundamental structures that have a natural affinity for different biological receptors, making
them highly interesting for therapeutic purposes. When substituted, thiazoles exhibit distinct
properties such as easy metabolism, improved solubility in lipids, and enhanced stability [73,
74]. Benzothiazole 2 is a class of sulfur and nitrogen possessing heterocyclic compounds that
consist a thiazole ring bridged with benzene ring. This unique benzothiazole structure is
commonly found in natural compounds and has various applications in phytohormones,
antioxidants, electroluminescent devices, vulcanization processes, and enzyme inhibition [75].
Importantly, benzothiazole possesses a crucial role in pharmaceutical chemistry by providing
a wide range of compounds with significant properties such as antibacterial [4], antiviral [5],
antimicrobial [76], anticancer [77], antioxidant , anti-inflammatory[78], antituberculosis [79],
antiparkinson's [80], muscle relaxants [81], and enzyme inhibition [82]. Because of its various
applications in the bio-medicinal and industrial fields, the synthesis and modification of

benzothiazole structures are highly important.

* o

1 2

2.1.2 Synthetic routes for benzothiazoles

Various synthetic routes have been developed for synthesis of benzothiazole containing
derivatives. The most commonly employed method involves the condensation of 2-
aminobenzenethiol with cyano or carbonyl compounds [83]. Riadi and colleagues
demonstrated that benzothiazoles can be synthesized by condensing 2-aminobenzenethiol with
aromatic aldehydes [84]. Another approach reported in the literature is the condensation of
benzo-thiols and nitriles, which enables the formation of 2-substituted benzothiazoles [85].

Furthermore, researchers have discovered that benzothiazoles can be prepared from aniline



through reactions with compounds such as carbon disulfide, piperidine, and isothiocyanate
[86]. However, all these traditional methods suffer from drawbacks such as lesser productivity,
restricted specificity, rigorous reaction conditions, or the use of hazardous reagents. In contrast,
proponents of green chemistry promote the use of methods that eliminate or/and minimize the
use and production of substances that can have a negative impact on the environment. Over the
last ten years, several environmentally friendly approaches have been developed to produce

benzothiazoles.

2.1.2.1 Synthesis of benzothiazole via condensation reaction

Batista and colleagues (Scheme 2.1) discovered a method to synthesize products containing 2-
bisthiophene substituted benzothiazole by condensing 2-amino benzenethiol with 5- aldehyde
bisthiophene compounds using DMSO subjected to refluxing for 1 hour [87]. The researchers
then evaluated the fluorescence properties of these products and found that they exhibited
robust fluorescence in the 450-600 nm range, along with higher quantum yield and significant
stokes shift. The vigorous fluorescence exhibited by these compounds suggests that they could
have potential applications as fluorescent markers.
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Scheme 2.1. Condensation between 2-amino thiophenol and 5-aldehyde bis thiophene compounds

Kumar et al. (Scheme 2.2) made an interesting discovery regarding the condensation of 2-
amino benzenethiol and benzaldehyde compounds to prepare benzothiazole derivatives. They
discovered that polystyrene based polymer catalysts, which were attached with lodine acetate,
effectively promoted this condensation reaction in dichloromethane [88]. The catalyst was
prepared using a promising synthetic process and utilized in combinatorial synthetic protocol
of benzimidazoles. This approach offered the advantages of solid- phase support and preserved
diversity in the libraries, which was not the case in previous reports. Subsequent to the process,
the catalyst underwent conversion to polymer-supported iodo benzene, that could be
conveniently recovered through filtration. It was then transformed into poly[4-diacetoxyiodo]
styrene (PDAIS) for subsequent reuse. Notably, the catalyst retained its activity even after

multiple cycles of reuse, indicating its high durability.
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Scheme 2.2. Condensation of 2-amino thiophenol with benzaldehye derivatives

Ye and colleagues (Scheme 2.3) have proposed a distinct method for the visible light driven
synthetic protocol of benzothiazoles using 2-amino thiophenols and aldehydes. In this
approach, the reaction mixture was subjected to irradiation using a 12W blue LED for a
duration of 6 hours under normal atmospheric conditions. The researchers aimed to investigate
the versatility of the reaction procedure for various substrates, and thus, a range of aldehyde
containing compounds was examined [89]. The results demonstrated that aromatic, hetero-
aromatic, and aliphatic aldehydes could all undergo conversion successfully. This discovery
provides an efficient and convenient synthetic route to benzothiazoles, without the need for

transition-metal catalysts or additional additives.
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Scheme 2.3. Visible light mediated condensation of 2-amino thiophenol with aldehydes

Bhat and colleagues (Scheme 2.4) investigated a rapid method for synthesizing 2-
arylbenzoxa/(thia)zoles by condensing 2-amino thiophenol with various aryl aldehydes using
acacia concinna as a biocatalyst exposed to microwave irradiation exposure [90]. The
researchers compared this microwave irradiation technique with the conventional method and
observed that it offered a significantly lesser reaction time while achieving increased yield of
the desired derivatives. Additionally, this reaction approach demonstrated eco-friendliness as
it eliminated the need for solvents.
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Scheme 2.4. Microwave irradiation driven condensation between aldehydes and 2-amino thiophenol
Deng and colleagues (Scheme 2.5) have presented an effective method for synthesizing 2-
arylbenzothiazoles from aryl-ketones and 2-amio thiophenol, using molecular Oxygen as an
oxidising agent, without the need for metal catalysts or iodine [91]. The authors conducted a
comparative study using various solvents, including DMF, DMSO, toluene/ DMSO,
chlorobenzene/ DMSO etc. among others. Among these solvents, chlorobenzene/DMSO was
found to be the most favourable as far yield is concerned. Additionally, this procedure allowed
for the synthesis of benzothiazoles under iodine and metal free conditions, demonstrating its
versatility with various functional groups. Notably, substrates with methyl, meth-oxy, fluorine,

chlorine, nitro etc. substituents were successfully converted into the corresponding products.
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Scheme 2.5. Condensation between 2-amino thiophenol and aryl ketones

Bao and collaborators (Scheme 2.6) developed an effective procedure for synthesizing of 2-
substituted benzothiols through the condensation of amino benzenethiol with (3-diketone. The
catalyst employed was toluene-sulfonic acid (TsOH), and the reaction was conducted under
conditions devoid of oxidants, metals, and radiation [92]. The process resulted in the formation
of 2-substituted benzenes with satisfactory yields. In the quest for the optimal catalytic system,
various acids, such as PhCOOH, CF:COOH) and CHsCOOH), were tested. TsOH<H20
emerged as the preferred catalyst for subsequent solvent screening due to its favorable yield

outcomes.
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Scheme 2.6. Condensation of 2-aminothiophenol and diketones



Loukrakpam and his team have developed a highly effective method for synthesizing
derivatives of benzothiazoles from methyl ketones and 2-amino benzenethiol without the need
for any metal catalysts. The process involves a one-pot strategy (Scheme 2.7). In this
mechanism, the aromatic ketones first reacted with TSNBr, at 65°C in DMSO for a duration of
3 hours [93]. The resulting crude reaction mixture is then subjected to a sequence of

condensation, Michael addition followed with oxidative dehydrogenation with 2-
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Scheme 2.7. Condensation of 2-aminothiophenol and aryl methyl ketones

In a study conducted by Gupta et al., they described a one-pot consolidated, devoid of solvent
protocol utilizing molecular iodine. The reaction involved the combination of 2-
aminothiophenol with benzoic acid derivatives to produce benzothiazole derivatives with
excellent yields in just 10 minutes (Scheme 2.8). In comparison to alternative methods such as
microwave synthesis catalyzed by polyphosphoric acid and [pmim]-Br, this new approach
offers significant cost reduction as it eliminates the need for additional chemicals and reagents
during the transformation [94]. The methodology stands out for its economic efficiency, time-

saving nature, and absence of solvents.
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Scheme 2.8. Condensation between 2- amino thiophenol and various benzoic acid compounds

Reuf and colleagues have presented a procedure for synthesizing various substituted
benzothiazoles through the condensation of o-aminothiophenol with different fatty acids. The
reaction was carried out under microwave irradiation for a duration of 3 to 4 minutes (Scheme
2.9). By employing P4S1o as a catalyst, the reaction yielded the desired products with a high
conversion rate [95]. This protocol offers an efficient, rapid, and solvent-free approach for the

synthesis of substituted benzothiazoles.
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Scheme 2.9. Condensation of 2-aminothiophenol with fatty acids under microwave irradiation

Coelho and colleagues have devised an effective general procedure for the synthesizing
benzothiazoles. This method involves the condensation reaction between thiophenol disulfides
and carboxylic acids, with the assistance of tributyl phosphine, at room temperature (Scheme
2.10). The researchers investigated broad applicability of the approach. by employing different
2- amino thiophenol disulfides and various carboxylic acids, including electron withdrawing
or donating substituents. The desired benzothiazoles were obtained with average to good yields
[96]. The significant benefits of this approach include ambient conditions and the use of non-

hazardous reagents.
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Scheme 2.10. Condensation between carboxylic acids and 2-amino thiophenol

Nadaf and colleagues proposed a highly effective catalyst system consisting of two ionic
liquids: 1- butylimidazole tetrafluoro borate and 1,3- dibutylimidazole tetrafluoro borate [97].
This catalyst system enables the formation of substituted benzothiazoles involving the
condensation reaction of 2-amino benzenethiol with aromatic acid chloride compounds at

normal temperature (Scheme 2.11).
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Scheme 2.11. Condensation between various acid chlorides and 2- aminothiophenol



Wu et al. conducted an analysis in which they synthesized novel derivatives of dibenzothiazole.
In their research, they started by suspending the Zn salt of amino mercaptobenzoic acid in
pyridine along with C7H4CINOs3, and the reaction mixture underwent heating at 80 °C for one
hour [98]. This process resulted in the conversion of the suspension into 4-nitrophenyl-
benzothiazole-6-carbonyl chloride through reaction with SOCI, (Scheme 2.12). Additionally,
di-benzothiazole containing compounds were synthesized by introducing substituted

aminothiophenols into the system followed by heating and reflux conditions for three hours.
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Scheme 2.12. Condensation of 2-amino-3-mercaptobenzoic acid with p-nitro benzoyl chloride

Luo et al. discovered that 2-chloro methylbenzothiazole can be prepared by condensing 2-
amino thiophenols with chloro acetyl chloride in CH3COOH, utilizing microwave irradiation
for a short period of 10 minutes (Scheme 2.13). The microwave-assisted method demonstrated
superior efficiency and environmental friendliness compared to traditional approaches, as it
required less time and yielded high product quantities [99].
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Scheme 2.13. Condensation of 2-aminothiophenol with chloro acetylchloride

2.1.2.2 Synthesis of benzothiazole via cyclization



Bose et al. have created a time-efficient and environmentally friendly method for synthesizing
benzothiazoles. This procedure involves the cyclization of sulfamide substrates using Dess-
Martin periodinane as a catalyst and DCM as solvent for the reaction [100]. The reaction occurs
at ambient temperature and takes only 10-15 minutes to complete (Scheme 2.14).
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Scheme 2.14. Cyclization of sulfamide substrates to benzothiazole derivatives

Downer et al. have explored a universal approach for the intra-molecular cyclization of
thiobenzamides into benzothiazoles under mild conditions. This method involves the
utilization of aryl cations as reaction intermediates. The researchers employed PIFA in tri-
fluoroethanol or CAN in aqueous acetonitrile to facilitate the cyclization process (Scheme
2.15). The reaction was conducted at room temperature and reached completion within 30

minutes, yielding moderate amounts of the desired benzothiazole products [101].
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Scheme 2.15. Cyclization of benzamides at room temperature

Feng et al. examined the base-promoted preparation of 2-substituted (N, C, O) benzothiazoles
from substituted thio-amides/carbamothioates/thioureas via intramolecular C-S bond coupling
cyclization in dioxane in the absence of transition metal. 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 [102]. It offers several advantages, including
being transition-metal-free, utilizing gentle reaction conditions, having broad range of

applications, and shorter reaction times (Scheme 2.16).
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Scheme 2.16. Cyclization of substituted thioformanildes



Xu et al. accomplished a simple methodology for intramolecular C-S bond formation of
aromatic substrates to produce benzothiazole derivatives in good yields via the cyclization of
thioamide derivatives 26 driven by visible-light, in the presence of TEMPO (Scheme 2.17).
Importantly, this photochemical cyclization does not necessitate the use of an additional photo-

redox catalyst, transition-metal catalyst, or base [103].
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Scheme 2.17. Cyclization of thioamide derivatives

Another method involves cyclization of 2-amino benzenethiols with hydrosilane and CO.,
leading to the synthesis of various benzothiazoles. Importantly, we have developed a mild
reaction condition using an ionic liquid as catalyst, resulting in good yield of the desired
products (Scheme 2.18). Furthermore, we have explored different reaction conditions,
including varying catalysts, reaction temperature, and pressure. Among these, the most
favorable outcomes were achieved when utilizing ([Bmim][OAc]) as the catalyst at 60 °C and
0.5 Mpa. Additionally, we tested the reusability of [Bmim] [OAc] and found that the yield of
benzothiazole remained almost constant even after the ionic liquid was re-used five times.
Notably, this pioneering method represents the first procedure for synthesizing benzothiazoles

utilising CO2 as raw material, without the need for metals and under mild conditions.

Xy V2 [Bmim]OAc AN
R!—/ + CO, + (EtO);SiH - R S+ H0
SH 0.5 MPa, 60°C S

84-99%

Scheme 2.18. Cyclization of 2-aminobenzenethios with hydrosilane and CO, at 0.5 Mpa

Chun et al. have described a method for synthesizing benzothiazoles from 2-
aminobenzenethiols and CO using 1,8-diazabicyclo [5.4.0Jundec-7-ene (DBU) as the catalyst.
The reaction was conducted at 1 atmosphere of CO2 and temperatures between 60-70 °C
(Scheme 2.19). This approach exhibited a wide substrate scope and demonstrated tolerance
towards various functional groups [104]. Additionally, the precatalyst salt could be recovered

and then re-used multiple times without any decline in activity.
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Scheme 2.19. Cyclization of 2- aminobenzenethios and CO, at 0.1 Mpa

2.1.3 Pharmacological significance of thiazole derivatives
2.1.3.1 Anti-cancer and cytotoxic effects

Thiazolyl derivatives 3 were evaluated for their antitumor activity against hepatocarcinoma
cells, and most of them exhibited significant effectiveness, with a few displaying exceptional
potency. Carboxylate derivative of amino-thiazole 4 showed remarkable anticancer activity.
Alkyl-thiazole and alkyl-amine indazole derivatives 5 were synthesized through region-
selective cyclization and demonstrated moderate activity against the A549 cell line. Thiazole-
containing benzimidazoles 6 exhibited comparable antiproliferative activity to the standard
drug doxorubicin. Benzothiazole-phthalimide heterocycles 7 showed substantial cytotoxicity
against hepatoma, chronic myelogenous leukemia, and Burkitt lymphoma cell lines.
Furochromenyl substituted thiazole derivatives 8 exhibited prominent anti-tumor activity
against liver and breast cancer cells. Imidazole-containing thiazole compounds 9 displayed
cytotoxic activity, particularly against prostate cancer cells, with hydroxyl group substitution
enhancing efficacy. Cytotoxicity screening of pyridine, thiophene, and thiazole derivatives 10
revealed that the thiazole-containing compounds exhibited the highest inhibitory activity

against breast adenocarcinoma cells [105, 106].
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2.1.3.2 Anti-microbial activity

Small heterocyclic compounds with thiazole as a core structure have been extensively
investigated for their effectiveness against various microbes. Thiazolidine derivative 11 was
studied for its antimicrobial activity against B. subtilis, E. coli, and C. albicans, and it
demonstrated promising results. Additionally, a series of thiazole compounds containing a
sulfone group 12 were tested for their antibacterial activity against S. aureus, C. freundii, and

others, and they exhibited excellent antibacterial properties [107]. Currently, researchers are



focusing on developing hybrid molecules that combine thiazole with other heterocyclic
moieties such as triazole, thiophene, pyridine, indole, and pyrazine. These hybrid compounds
have shown significant antimicrobial properties upon biological evaluation. Schiff's bases
containing thiazole derivatives 13 have also proven to be effective against microbes like B.
subtilis and C. tropicalis, with an MIC value of 16ug/mol [108].

Furthermore, novel thiazole derivatives 14 formed by the reaction of 2,5- dichloro
thien-3-yl ethanone with thiourea were evaluated for their antimicrobial activity. Molecular
docking analysis revealed that these compounds exhibited potent efficacy against a broad

spectrum of microbes [109].
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Thiazole pyrimidine derivatives were subjected to evaluation against various microbes,
including Mucor species. Among these derivatives, the methoxy benzothiazole derivative 15
demonstrated remarkable antimicrobial activity. This finding highlights the potential of
thiazoles as promising candidates for the treatment of Mucormycosis, commonly known as

Black Fungus, which has led to a surge in research interest in this area [110].
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Novel derivatives produced via one-pot synthesis using methyl thiophenyl and
dihydropyrimidine as precursors were screened for antifungal and antibacterial activities
against E. coli, A. niger, S. aureus, C. albicans, etc. Excellent activitieswere exhibited by the
fluoro derivatives. Vicini et al. reported the synthesis of thiazoloimino arylidene derivative 16
via cyclization between substituted aldehydes and 2-amino thiazole [111]. The products were
screened for various Gram-positive and Gram-negative bacteria as well as fungi. Miconazole
and Ampicillin were used as standards. All synthesized compounds have strong antibacterial
action against gram-(+) bacteria. Malipeddi et al. synthesized thiazolidinone 17 through
cyclocondensation of thiadiazole with thioglycolic acid [112]. It showed better in vitro activity
than the already commercialized drugs. A fused heterosystem containing thiazole and
quinazoline moiety 18 was evaluated for its anti-tubercular properties. Streptomycin was used
as a baseline. All synthesized compounds can be considered prominent entities for anti-
tubercular activity [113].
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2.3.1.3 Anti-inflammatory activity

Derivatives obtained via the reaction between thiazole and various substituted aldehydes were
evaluated for anti-inflammatory activities using pentazocine as a standard. Among the
synthesized compounds, the phenyl derivative of 1,3-thiazolidinone 19 showed remarkable
anti-inflammatory activity. Fluorine containing triazole 20 derivative showed good analgesic
and anti-inflammatory activity that was further enhanced by the presence of electron-

withdrawing groups [114].
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A group of formazylindoles 21 was assessed for their anti-inflammatory properties using a
carrageenan-induced edema model in albino rats. The results demonstrated a substantial
inhibition of edema and a lower likelihood of causing ulceration, indicating promising anti-
inflammatory efficacy [115]. In a separate study, specific compounds 22, 23 were synthesized
through Friedel Crafts acylation between benzoxazine derivatives and substituted thiazoles.
These compounds were then investigated for their potential as inhibitors of COX-2. The
inhibitory activity was assessed using a chromogenic assay, and one compound from the series
24 showed potent COX-2 inhibitory activity [116, 117].
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2.3.1.4 Anti-diabetic activity

Methylsulfonyl derivatives of thiazole 25 have proved to be potent glucokinase activators and
promising candidates for treating diabetes. lino et al. synthesized aminobenzamide derivatives
incorporating thiazole 26 as a substituent, which acts as a glucokinase activator. The structure-
activity relationship showed that incorporation of a phenoxy or alkoxy group increases the oral
bioavailability of the compound. Recent studies have demonstrated the role of lipid carriers on
metabolic disorders related to diabetes (Type 2) as well asatherosclerosis. In this regard,
thiazole and indole-based de rivative, after being synthesized, were screened for their inhibition
activity against TNF-a. A series of novel substituted thiazoles were tested for their
antihyperglycemic activity against several enzymes, including a-amylase, in which (Indol-3-

yl) pyrazole 27, 28 derivative of thiazole showed maximum activity [118, 119].
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2.2 Benzothiazines
2.2.1 Introduction

The compound 1,4-benzothiazine, which contains sulfur and nitrogen atoms in its structure,
has garnered continuous attention and holds significant importance in the creation of novel
drug candidates. This compound serves as a crucial foundation for constructing new drugs
[120] . The term "1,4-benzothiazine™ is used for both variations of the molecule: the 2H-isomer
29 and the 4H-isomer 30. The 4H-1,4-benzothiazine (4H-1,4-B) analogs have been extensively
investigated over many years. A highly valuable characteristic of the 1,4-benzothiazine

structure that contributes to its versatile range of activities that exist because of a fold along the

sollive

2H-1,4-benzothiazine 4H-1,4-benzothiazine

29 30

2.2.2 Synthesis



To make the reactions more convenient and to improve the feasibility of the process, various
synthetic methods have been employed in different studies [121]. These methods primarily

encompass two approaches:

(@) The first approach involves the cyclization of the ring, achieved by reacting 2-
aminothiophenol and its derivatives with a range of compounds such as haloacyl systems, o-
haloketones, a-haloacids, a-haloacyl chlorides, a-haloesters, a,p-unsaturated acids and esters,

maleic anhydride, a-cyano a-alkoxy carbonyl epoxides, and alkynes.

(b) The second approach entails the expansion of the benzothiazoline ring. This involves
strategies where the ring structure is modified and expanded.

2.2.2.1 From Condensation with a- halo Ketones, Esters and Acids

In alignment with the use of a-haloesters, Sharifi et al. introduced an environmentally friendly
method for the synthesis of benzothiazin-3-ones at room temperature, devoid of any base or
additives [122]. This synthesis method entails the reaction of 2- aminothiophenols with 2-
bromoalkanoates within an ionic liquid environment, specifically [omim] [NOz]. The outcome
of this procedure is the production of benzothiazin-3-ones with remarkable yield rates (Scheme
2.20). In a study conducted by Baghernejad and colleagues [123], a one-pot procedure was
executed for the synthesis of 3-aryl-2H-benzo[1,4]thiazines (Scheme 2.21). This synthesis
involved the condensation of 2- amino benzenethiols and 2-bromo-1-phenyl ethanones in
acetonitrile, utilizing a catalytic quantity of KHSOa4. The results of this reaction yielded the

desired products, 3-aryl-2H-benzo[1,4]thiazines, in satisfactory yields.
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Scheme 2.20. Synthesis of 1,4-benzothiazines through condensation with 2-bromoalkanoates.
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Scheme 2.21. Synthesis of 1,4-benzothiazines through the condensation process involving 2-bromo-1-
phenyl ethanones.

2.2.2.2 Through Oxidative Cyclization Involving 1,3-dicarbonyl Compounds

Taking into account the limitations of the conventional approach for synthesizing 1,4-
benzothiazines and the aim to examine the potential of biocatalyst in the cyclocondensation
process, Pratap et al. introduced an effective pathway utilizing an economical bio-catalyst,
namely baker’s yeast (Scheme 2.22). In this chemical transformation, a streamlined one-pot
synthesis strategy was utilized, facilitating the merging of 2-aminothiophenols and 1,3-
dicarbonyls [124]. Additionally, to accelerate the reaction rate of the condensation process, an

alternative technique involving ultrasonication could be implemented within a similar

framework.
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Scheme 2.22. Efficient synthesis of 1,4-Bs from condensation with 1,3- dicarbonyls

2.2.2.3 From Condensation with a,f-unsaturated Acetylinic Acids

In a study conducted by Heravi et al., a method for producing 1,4- benzothiazines was detailed.
This approach is characterized by its user-friendly, swift, and green procedure, resulting in a
substantial yield. The synthesis entails combining dialkyl acetylenedicarboxylate with 2-
aminothiophenol through microwave irradiation within a solvent-free environment (Scheme
2.23) [125].
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Scheme 2.23. Synthesis of 1,4-Bs from condensation with unsaturated acids

2.2.2.4 From substituted amines

Another method that demonstrated the synthesis of 1,4-benzothiazines with remarkable
efficiency, achieving impressive vyields through a straightforward and expeditious
ultrasonication technique. In order to generate the desired products, equivalent quantities of
substituted amines and dimidone are combined with sulfur powder and iodine within
tetrahydrofuran, and the resulting mixture is then exposed to ultrasonication (Scheme 2.24)
[126].

0
R
2 H;C CHs Sulphur powder S
lodine/THF HsC
Ri © © M)
NH,

TZ

Scheme 2.24. Synthesis of 1,4-B's from substituted amines

2.2.2.5 From 2,2'-dithiodianiline

Londhe et al. introduced an ingenious and environmentally conscious one-step cyclization
procedure, yielding 2,3-disubstituted 1,4-benzothiazines in impressive quantities. This method
involves the cyclo-condensation of dicarbonyl compounds with 2-(2-(2-aminophenyl)
disulfanyl)benzenamines, employing a supra-molecular catalyst called B-Cyclodextrin (B-CD),
all within a water-based system with a neutral pH (Scheme 2.25). Additionally, the utilization
of B-CD in this process has been validated as it enhances the speed of the cyclocondensation
reaction. This biomimetic catalytic approach stands out for its simplicity, efficiency, rapidity,
eco-friendliness, and cost-effectiveness [127].
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Scheme 2.25. Synthesis of 1,4-B's from 2,2'-dithiodianiline

2.2.2.6 From ring expansion of Benzothiazoline

Hori et al. introduced a method involving the ring expansion of 3-acetylbenzothiazolin-1-oxide
to form 4-acetylbenzothiazines. This conversion was achieved by refluxing the compound in
the presence of acetic anhydride (Scheme 2.26) [128]. On the other hand, Adib et al. developed
a novel and well-structured approach for the ring expansion of benzothiazoles into 1,4-
benzothiazines. In this process, benzothiazoles were combined with diaroylacetylenes to
produce reactive 1:1 zwitterionic intermediates. These intermediates were then subjected to
Meldrum’s acid under normal conditions, leading to the formation of 2-[2-hydroxy-1,4-
benzothiazin-3(4H)-yliden] aryl ethanones in good yields (Scheme 2.27) [129].
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Scheme 2.26. Synthesis of 1,4-Bs from ring expansion of benzothiazolines
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Scheme 2.27. Synthesis of 1,4-Bs from ring expansion of benzothiazolines using Meldrum's acid

2.2.3 Pharmacological significance of benzothiazine derivatives

Heterocyclic compounds originating from the 1,4-benzothiazine (1,4-B) ring structure
demonstrates a pivotal role in the domain of biomedical sciences because of their immense
therapeutic properties. The relatively untapped reservoir of heterocyclic compounds derived
from the 1,4-B ring offers a diverse range of pharmacological benefits. These compounds
exhibit a spectrum of medical activities, encompassing antitumor, antipsychotic, and
cardiovascular effects. Simultaneously, they hold significant importance in combatting
pathogens, displaying antibacterial, antifungal, antiviral, antitubercular, and antiprotozoal

activities.
2.2.3.1 Anti-cancer activity

Shamsuzzaman and his colleagues conducted an in vitro assessment of the anticancer
properties of a range of derivatives based on 5a-cholestano[5,6-b]benzothiazine. They
evaluated these derivatives against various human cancer cell lines, including A-549 (lung
carcinoma), SW480 (colon adenocarcinoma), HelLa (cervical cancer), and HepG2 (hepatic
carcinoma), utilizing the MTT assay.

In their research, one specific compound 31, demonstrated a significant enhancement
in its potential to inhibit cancer growth. Notably, it exhibited a 50% growth inhibition (IC50)
value of 13.73 pmol/L against HelLa cells, showcasing heightened effectiveness when
compared to doxorubicin, a well-known anticancer drug. Compound 2 also exhibited 1C50
values of 15.83 pmol/L and 16.89 p mol/L against HepG-2 and A549 cells, respectively [130].



Jelen and his colleagues in their study [131] discovered several derivatives of tetracyclic
azaphenothiazines, specifically within the quino benzo-1,4-thiazines ring structure 32. These
derivatives were found to possess confirmed effectiveness in inducing cytotoxicity. This
effectiveness was observed through their impact on the PHA induced proliferative response of
human PBMC and TNF-a response triggered via lipopolysaccharide (LPS). Among these
derivatives, compound 3 displayed the highest level of activity. It exhibited anticancer
properties against various cancer cell lines, especially colon cancer cells, A- 341 cells, and

leukemia L-1210 cells. Remarkably, its anticancer efficacy was found to be comparable to that
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of cisplatin.

Marchetti and their research team, as mentioned in reference [132], conducted investigations
into the neurotoxic and cytotoxic effects of 1,4- benzothiazine (1,4-B) derivatives, both in vitro
and in vivo. They aimed to elucidate the mechanisms responsible for the cytotoxicity induced
by 1,4-B compounds and screened these compounds for their potential apoptotic effects. To do
S0, they used a susceptible cell population of mouse thymocytes to trigger apoptosis. Several
analogs of 1,4-B were found to activate apoptosis in thymocytes in vitro and lead to thymus
cell loss in vivo. Notably, among the series of analogs, compound 33, also known as 6FS5,

emerged as one of the most potent and active compounds.
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Hasegawa and team conducted research that emphasized the significance of dihydro-1,4-
benzothiazine-6,7-dione (BQ) 34 as an exceptionally harmful metabolite derived from 4-S-
CAP and 4-S-CAC. Their study focused on assessing the melanocytotoxic effects of these
compounds [133].
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2.2.3.2 Anti-microbial activity

Sebbar and their colleagues conducted a study in which they assessed the in vitro biological
properties of 1,4-benzothiazinones combined with triazole and oxazolidinone. They found that
these compounds exhibited significant antibacterial effects against various microorganisms.
Conversely, when a benzylidene group was included at position-2 of compound 35, it resulted
in compound 36, which displayed increased MIC values against all bacterial strains including
S. fasciens, S. aureus, E. coli, and P. aeruginosa. When compounds 35 and 36 were alkylated
with propargyl chloride and bis(2-chloroethyl)amine hydrochloride, their inhibitory activity

was further enhanced [134].
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Cecchetti and their team conducted an initial assessment of the in vitro antibacterial properties
of a range of 2- substituted-7-oxo-7H-pyrido benzothiazine-6-carboxylic acid derivative. In
their study, they identified that compound 37 exhibited the highest level of antibacterial

activity. This compound was readily absorbed and led to sustained levels in both plasma and

urine [135].
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2.2.3.2 Anti-convulsant activity

Junnarkar and colleagues discussed the neuro-psychopharmacological effects of a novel
skeletal muscle relaxant referred to as [1,2,4] triazolo [3,4-c][1,4]-benzothiazinone 38. They
compared the effects of IDPH-791 with those of mephenesin, a well-established centrally
acting muscle relaxant. The results of their study revealed that IDPH-791 is notably safer and
has an extended period of effectiveness in comparison to mephenesin. Moreover, IDPH- 791
demonstrated nearly twice the potency in terms of anticonvulsant activity when contrasted with
mephenesin. Additionally, IDPH- 791 was twice as effective in inhibition of various spinal
poly-synaptic reflexes, including linguomandibular reflexes, crossed extensor reflexes, and
flexor reflexes. Similar to mephenesin, IDPH-791 lacked sedative properties, but it differed
from mephenesin in that it did not exhibit hemolytic activity [136]. In summary, IDPH-791
proved to be an effective and safe muscle relaxant and anticonvulsant with a long time of action

than mephenesin.
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2.2.3.3 Miscellaneous Biological Activities

Bakavoli and their team conducted a screening process to assess the enzyme inhibition property
of a series of 2-substituted pyrimido derivative of benzothiazines 39 on 15-lipoxygenase.
Among the compounds examined, two, namely compound, exhibited significant potential in
inhibiting 15-lipoxygenase. This is significant as 15-lipoxygenase is linked to cardiovascular
complications due to its involvement in the oxidative modification of low-density lipoproteins
(LDL), which is a contributing factor to the development and progression of atherosclerosis
[137].
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2.3 Conclusion

Benzothiazole and benzothiazine scaffolds are extensively utilized in diverse therapeutic
applications around the world. These compounds, along with their derivatives, constitute an
important category of substances with a wide range of biomedicinal effects. Recent
advancements in the synthesis of heterocyclic compounds containing these as core structures
involve diverse methods such as microwave-assisted techniques, nanocatalysis,
environmentally friendly (green) synthesis, click reactions, and multicomponent routes. The
diverse range of therapeutic benefits linked to medications containing benzothiazole has
inspired medicinal chemists to not only develop a multitude of innovative therapeutic agents
but also to explore additional methods for synthesizing derivatives of benzothiazole and

benzothiazine. Various analogs that incorporate the benzothiazole/benzothiazine ring system



have demonstrated significant activities such as antitubercular, anti-tumor, antimicrobial,
antidiabetic, antiasthamatic, anti-inflammatory, anticonvulsant, antiviral, antioxidant,

antimalarial, etc.
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3.1 Introduction

Thiazine is a critical foundational structure found in many medically important compounds,
characterized by a unique 6-membered heterocyclic pattern containing both nitrogen and sulfur
atoms. Benzothiazines are structurally similar to phenothiazines, offering comparable
flexibility and specificity [138, 139]. The specific arrangement of nitrogen and sulfur atoms in
phenothiazines and 4H-1,4-benzothiazines plays a crucial role in their biological activities,
making both series relevant not only structurally but also pharmacologically and industrially
[140-144]. Thiazine-based heterocycles are widely present in bioactive compounds,
showcasing remarkable functional diversity and a closer alignment with biological systems.
Additionally, the exploration of traditional synthetic methods for nitrogen and sulfur-
containing heterocycles has spurred interest in environmentally friendly approaches for their
synthesis. Benzothiazine derivatives have gained a prominent status in the scientific
community, particularly in the fields of synthetic and medicinal chemistry, due to their
significant pharmacological properties [145-151]. These important derivatives possess a
diverse range of biological effects, including antibacterial [152], anticancer [153], anti-
inflammatory [154], analgesic [155], antioxidant [156], anticonvulsant [157], antidiabetic
[158] etc. The therapeutic benefits of small molecules based on thiazine can be attributed to
their ability to target multiple therapeutic pathways, ultimately inhibiting the progression,
proliferation, and vascularization of cancer cells [159-161].

Synthetic chemists have developed numerous methods to synthesize biologically active
1,4-benzothiazines, recognizing their significant biological relevance. Some of the widely
adopted approaches include oxidative cyclocondensations involving 2-thiolphenols and 1,3-
dicarbonyls/diketones, with techniques such as using DMSO/AI203, employing microwave
irradiation, utilizing baker's yeast as a catalyst, etc. However, the existing methods involve the
use of expensive and hazardous organic solvents, as well as inorganic/organic bases and harsh
oxidants, which can be improved for faster reactions [162-168]. Hence, it is essential to create
a more efficient, succinct, and expeditious synthetic pathway for this significant group of
compounds using readily available solvents and catalysts. Cerium ammonium nitrate (CAN),
among other types of oxidants, is known for its capability to convert thiol into sulfenyl radicals,
ultimately resulting in the formation of disulfides or/and other oxidation products like sulfones,
sulfoxides etc. CAN is stable in various solvents and easily obtainable commercially, making
it one of the most attractive oxidants in most organic synthetic procedures. Its use in a variety

of reactions involving the formation of C-S, C-N, C-Cl, etc., has been extensively investigated



[169-172].

Building on our previous research, we established a straightforward and effective
method for synthesizing heterocycles. Our approach involved creating a catalytic pathway and
exploring the use of various organic catalysts in cyclocondensations. Additionally, we
recognized the imperative to develop novel pharmaceuticals for lung cancer that minimize off-
target effects while promoting patient recovery and extending life expectancy. In our current
study, we synthesized substituted 1,4-benzothiazines through an environmentally friendly
process. These compounds were then assessed for their effect on proinflammatory cytokines

and subjected to various assays against various cancer cell lines (A549, C4-2).
3.2 Materials and Methods
3.2.1 Instruments

Solvents and chemicals were obtained from Sigma Aldrich and utilised them without further
refinement. Melting points were measured in degrees Celsius using an open-end capillary
method. For *H and *C- NMR analysis, we employed a Bruker 500 (400 MHz) instrument,
with TMS serving as the internal standard and CDCls or DMSO-d6 as the solvent. E-Merck
aluminum TLC sheets (60 F-254, 20 x 20 cm, 0.2 mm thickness) precoated with silica gel and
containing a charring agent (ceric ammonium sulfate) were used for monitoring chemical
reactions. Spot detection was done using a UV chamber at 366 and 254 nm wavelengths.
Additionally, column chromatography was conducted using Merck silica gel (60-120 mesh).
For our cell culture experiments, we sourced RPMI-1640 medium (Catalogue no. 11875-093),
fetal bovine serum (FBS), L-glutamine (Catalogue no. 25030081), PenStrep (Catalogue no.
15240062), and trypsin (Catalogue no. 25200056) from Gibco/Life Technology. A-549 and
normal cell line (HEK293T) was procurated from NCCS Pune. C4-2 cells were obtained from
Professor Zhou Wang at the University of Pittsburgh, USA, under a Material Transfer
Agreement (MTA) with M.D. Anderson Cancer Centre, Texas, USA.

3.2.2 Synthetic Procedure

Unless specified otherwise, we used reagents and solvents in their original state as obtained

from commercial suppliers. The yields of the reactions were not fine-tuned or optimized.

3.2.2.1 General synthetic route for 2-alkoxy carbonyl-3-methyl-4H-1,4-benzothiazines (3a-
h)



In a reaction vessel, 2-aminothiophenol la (1 mmol, 125 mg) and 2-amino-4-chloro
benzenethiol 1b (1 mmol, 160 mg), along with NaHCO3 (500 mg), were dissolved in anhydrous
acetonitrile (15 ml). A solution of ceric ammonium nitrate (1 equiv, 1.096 g) in the same
solvent was added dropwise at room temperature while stirring for 10 minutes. Subsequently,
1,3-dicarbonyls (1 mmol) 2(a-d) were introduced into the reaction mixture, and the mixture
was refluxed at 120°C. Monitoring of the progression of the reaction was done using TLC with
a pet ether and ethyl acetate in the ratio 8:2 as the eluent. After 15 minutes, the reaction mixture
was washed with water and then extracted with ethyl acetate. Following this, the mixture was
dried with the help of anhydrous Na>SQO4, the solvent was recovered, and the resulting product

was purified by column chromatography, yielding the desired product 3(a-g) in good yield.

3.2.2.1.1 Methyl 3-methyl-4H-benzo[b][1,4]thiazine-2-carboxylate (3a)

The title compound was synthesized from compound la (125 mg, 1.0 mmol) and methyl
acetoacetate 2a (107.80 ul, 1.0 mmol) according to the mentioned general procedure. Yield:
88%. mp 209-211 °C. *H NMR (400 MHz, CDCl3): 6 11.06 (s,1H, NH), 7.37-7.20 (m, 4H),
4.93 (s, 3H), 2.88 (s, 3H); 3C NMR (100 MHz, DMSO0): ¢ 164.6 (C=0), 154.5 (C=C-NH),
140.7 (C=C-S),128.6-122.1 (4C aromatic), 117.2 (2C S-C-C=0, NH-C-CHj3), 59.98 (O-CH3),
14.7 (NH-C-CHs). ESI-MS m/z: Calculated for C11H11NOS [M+H]* 221.05; found 221.04.

3.2.2.1.2 Ethyl 3-methyl-4H-benzo[b][1,4]thiazine-2-carboxylate (3b)

The title compound was synthesized from compound la (125 mg, 1.0 mmol) and ethyl
acetoacetate 2b (127.45 pl, 1.0 mmol) according to the mentioned general procedure. Yield:
93%. mp 141-143 °C.*H NMR (400 MHz, DMSO-d6): § 8.68 (s,1H, NH), 6.93-6.59 (m, 4H),
4.05 (g, 2H), 2.20 (s, 3H), 1.19 (t, J = 8 Hz, 3H); 13C NMR (100 MHz, DMSO): § 163.5 (C=0),
153.5 (C=C-NH), 139.7 (C=C-S), 127.6-120.1 (4C aromatic), 115.2 (2C NH-C-CHs, S-C-
C=0), 60.1 (-CH,-CHz3), 20.3 (NH-C-CHa), 14.7 (-CH>-CHz3). ESI-MS m/z: Calculated for
C12H13NO,S [M+H]* 235.07; found 235.06.

3.2.2.1.3 Propyl 3-methyl-4H-benzo[b][1,4]thiazine-2-carboxylate (3c)

The title compound was synthesized from compound 1a (125 mg, 1.0 mmol) and propyl
acetoacetate 2¢ (160 pl, 1.0 mmol) according to the mentioned general procedure. Yield: 89%.
mp 130-132 °C.*H NMR (400 MHz, DMSO-d6): ¢ 8.69 (s,1H, NH), 6.97-6.61 (m, 4H), 4.08
(t, J = 8 Hz, 2H), 2.20 (s, 3H), 1.76 (q, 2H), 1.19 (t, J = 8 Hz, 3H); *C NMR (100 MHz,
DMSO0): ¢ 162.6 (C=0), 152.5 (C=C-NH), 138.7 (C=C-S), 126.6-120.1 (4C amoatic), 115.2



(2C NH-C-CHjs, S-C-C=0), 59.2 (OCH,-CHs), 19.3 (2C NH-C-CH3,CH,CH,CHs), 13.7 (-
CH2-CHz). ESI-MS m/z: Calculated for C13H1sNO2S [M+H]* 249.08; found 249.06.

3.2.2.1.4 Methyl 6-chloro-3-methyl-4H-benzo[b][1,4]thiazine-2-carboxylate (3d)

The title compound was synthesized from compound 1b (160 mg, 1.0 mmol) and methyl
acetoacetate 2a (107.80 ul, 1.0 mmol) according to the mentioned general procedure. Yield:
90%. mp 110-112 °C.*H NMR (400 MHz, CDCls): 6 11.16 (s,1H, NH), 7.74 (d, J = 8 Hz, 1H),
7.18 (d, J=12 Hz, 1H), 6.72 (s, 1H), 4.22 (s, 3H), 2.17 (s, 3H); 3C NMR (100 MHz, CDCls):
0164.9 (C=0), 153.0 (C=CH-NH), 138.2 (C-Cl), 135.1 (C=CH-S), 131.0-121.8 (3C aromatic),
118.0 (NH-C-CHBa), 101.7 (S-C=C), 66.2 (OCHj3), 21.8 (NH-C-CHa). ESI-MS m/z: Calculated
for C11H10CINO2S [M+H]* 255.01; found 255.

3.2.2.1.5 Ethyl 6-chloro-3-methyl-4H-benzo[b][1,4]thiazine-2-carboxylate (3e)

The title compound was synthesized from compound 1b (160 mg, 1.0 mmol) and ethyl
acetoacetate 2b (127.45 pl, 1.0 mmol) according to the mentioned general procedure. Yield:
85%. mp 191-193 °C. *H NMR (400 MHz, CDCls): 6 11.09 (s, 1H, NH), 7.70 (d, J = 12 Hz,
1H), 7.21 (d, J = 12 Hz, 1H), 6.72 (s, 1H), 2.01 (s, 3H), 1.76 (g, J = 8 Hz, 2H), 0.98 (t, J = 8
Hz, 3H); 3C NMR (100 MHz, CDCls): § 163.9 (C=0), 152.4 (C=CH-NH) , 136.8 (C-CI),
134.5 (C=CH-S), 130.4-121.2 (3C aromatic), 117.5 (NH-C-CHs), 102.1 (S-C=C), 66.5
(OCH2CH3), 28.7 (OCH2CHBg), 20.6 (NH-C-CHz3). ESI-MS m/z: Calculated for C12H12CINO2S
[M+H]* 269.03; found 269.02.

3.2.2.1.6 Propyl 6-chloro-3-methyl-4H-benzo[b][1,4]thiazine-2-carboxylate (3f)

The title compound was prepared from compound 1b (160 mg, 1.0 mmol) and propyl
acetoacetate 2¢ (160 pl, 1.0 mmol) according to the mentioned general procedure. Yield: 88%.
mp 125-127 °C. *H NMR (400 MHz, CDCls): 6 11.16 (s, 1H, NH), 7.72 (d, J = 12 Hz, 2H),
7.18 (d, J =12 Hz, 2H), 7.67, (s, 1H), 4.22 (t, J =8 Hz, 2H), 2.22 (s, 3H), 1.30 (g, J = 12 Hz,
2H), 0.98 (t, J = 8 Hz, 3H); *C NMR (100 MHz, CDCls): § 164.0 (C=0), 151.6 (C=CH-NH),
137.0 (C-Cl) , 133.6 (C=CH-S), 130.2-120.3 (3C aromatics), 116.7 (NH-C-CHz3), 101.2 (S-
C=C), 65.8 (OCH2CH2CHg), 21.2 (OCH2CH2CHs), 20.2 (NH-C-CHz), 9.6 (OCH2CH2CH)s.
ESI-MS m/z: Calculated for C13H14CINO2S [M+H]* 285.04; found 285.03.

3.2.2.1.7 Isobutyl 3-methyl-4H-benzo[b][1,4]thiazine-2-carboxylate (3g)
The title compound was synthesized from compound l1a (125 mg, 1.0 mmol) and isobutyl

acetoacetate 2d (161.22 pl, 1.0 mmol) according to the mentioned general procedure. Yield:



91%. mp 103-101 °C. *H NMR (400 MHz, DMSO-d6): ¢ 11.69 (s, 1H, NH), 7.70 (d, J = 12
Hz, 1H), 7.21 (d, J = 12Hz, 1H), 6.72 (s, 1H), 3.98 (d, J = 8 Hz, 2H), 2.50 (s, 3H), 1.95-1.90
(m, 1H), 0.98 (d, J = 24 Hz, 6H); 3C NMR (100 MHz, DMSO): ¢ 164.6 (C=0), 153.5 (C=CH-
NH), 138.7 (C=CH-S), 127.8-121.5 (4C aromatic), 117.5 (NH-C-CHj3), 112.2 (S-C=C), 61.2
(OCH2CH(CH3)2), 29.8 (OCH2CH(CHs3)2), 19.3 ( 2C OCH2CH(CHz3)2), 14.6 (NH-C-CHs).
ESI-MS m/z: Calculated C14H19NO2S [M+H]" 265.11; found 265.10.

3.2.2.1.8 Isobutyl 6-chloro-3-methyl-4H-benzo[b][1,4]thiazine-2-carboxylate (3h)

The title compound was synthesized from compound 1b (1.6 mg, 1.0 mmol) and isobutyl
acetoacetate 2d (161.22 pl, 1.0 mmol) according to the mentioned general procedure. Yield:
89%. mp 116-118 °C. *H NMR (400 MHz, DMSO-d6): ¢ 11.61 (s, 1H, NH), 7.96 (d, J = 16
Hz 1H), 7.45 (d, J = 24 Hz 1H), 5.77 (s, 1H), 3.98 (d, J = 12 Hz, 2H), 3.35 (s, 3H), 2.78-2.46
(m, 1H), 1.08 (s, 6H); *3C NMR (100 MHz, DMSO): 6 165.1 (C=0), 152.7 (C=CH-NH), 138.6
(C-Cl), 129.8 (C=CH-S), 126.1-122.7 (3C aromatic), 118.2 (NH-C-CHz), 114.3 (S-C=C), 61.2
(OCH2CH(CHs3)z2), 29.8 (OCH2CH(CHs3)2), 19.3 (2C ( 2C OCH2CH(CHs3).)), 14.6. ESI-MS
m/z: Calculated C14H18CINO2S [M+H]" 299.07; found 299.06.

3.2.3 Biological Assay

The A-549 cancer cell line and (HEK293T) normal cell line was procured from NCCS Pune
and C4-2 cells were obtained from Prof. Zhou Wang at the Pittsburgh University, USA, under
a Material Transfer Agreement with MDA Cancer Centre, USA, and both the cell lines were
normally retained in RPMI media supplemented with 10% F.B.S, 1% glutamine, and 100g/mi

penicillin-streptomycin in 5% carbon dioxide incubated at 37°C.

3.2.3.1 MTT Assay

MTT assay is a colorimetric assay for measuring cellular metabolic activity. MTT method is
one of the most widely used methods to analyze cell viability and proliferation. This method
was used to assess the effect of compounds (3a-3h) on cell viability in both cancer cell lines
(A549, C4-2) and the most effective was tested against normal human embryonic kidney cell
line (HEK293T).The cells were set up in 96 well plates with a total volume of 100 pl/well to
evaluate the compounds. The cells were cultured and incubated for the proper amount of time
typically 24-48 hours prior to treatment. Cells were treated with compounds 3a-3h at various
concentrations and incubated for 24hrs. A concluding concentration of 5 mg/ml was reached

by adding 10 pl of MTT solution to each well and the MTT-treated cells were incubated at



37°C for 4 hours. To dissolve formazan crystals, 100 ul of solubilization (DMSO) solution was
supplied to each well. Using an ELISA reader, the optical density of the tinted solution was

gauged at a wavelength of 563 nm. Data was analyzed using Graphpad prism 8.0.

3.2.3.2 CFU Assay

CFU was carried out for in vitro quantitative assessment to investigate if a single cell may
develop into a big colony through clonal growth in the presence of various concentrations of
the compound that produced the most effective results in the MTT experiment. A-549 cells
were plated in six-well dishes and given the proper time to grow until they were 70-80%
confluent. Confluent cells were treated with different doses of compound 3c (15, 25, 35, 45,
and 55 uM) and DMSO control respectively, and were incubated for about 48 hrs. Equal
numbers of cells (hemocytometer was used to count the cells) from both the treated wells and
control well were put in 10 cm dishes to develop into colonies for 3 to 5 days. After appropriate
colony formation the media was carefully withdrawn from the dishes, 100% methanol covering
the cells was added, and the cells were then left to incubate for 20 minutes at room temperature.
After the methanol was removed, the cells were gently washed with tap water. The cells were
covered with crystal violet solution and was incubated for five minutes at room temperature.
To get rid of excess color, the cells were rinsed with water. The plates were then inverted and
air-dried overnight on a piece of tissue paper. Then, using ImageJ software, cells were counted.
The assay was conducted three times in triplicates, and the P value was confirmed using the t-
test and Kruskal-Wallis test in GraphPad prism 8.0. P values below 0.05 were deemed

significant.

3.2.3.3 In-vitro Scratch Assay/Wound Healing Assay

A-549 cells were grown in monolayer in 6 well plates. When the monolayer reached 70-80%
confluency, the medium was withdrawn, and a sterilized pipette tip with a capacity of 200 pl
was utilized to gently scratch the monolayer across its middle (scratches were in line). After
washing the isolated cells with PBS, the wells were scratched and then filled with new RPMI
media augmented with 10% FBS, 1% PenStrep, and 1% L-glutamine. Before adding compound
3c, bright field images showing the cellular gap were taken using an LMI inverted microscope.
3c was then applied to the cells at a dosage of 25 uM, with DMSO serving as the vehicle

control. After treatment, 5% CO- was used to incubate the well plates at 37 °C, and monitored



for variations in the gap width of the scratch by periodically taking bright field images of the
cellular gap after 0, 24, and 48 hours. Using the ImageJ programme, the diameter of the scratch
wound was quantitatively assessed. Using GraphPad prism 8.0, the cellular gap distance was
quantitatively assessed as the proportion of the wound area.*P < 0.05 was regarded as

significant.

3.2.3.4 RNA Isolation, PCR amplification, and quantitative Real-Time expression analysis
(RT-PCR)

A-549 cells were cultured in 10 cm dishes for two days. 70-80% confluent cells were treated
with 25 puM of the compound 3c, and with DMSO respectively, and incubated for 24hrs. This
treatment lasted for 24 hours. To isolate total cellular RNA from the A-549 cancer cell line, the
Trizol method from Thermo Scientific was employed, following the manufacturer's guidelines.
The quality of the isolated RNA was assessed by running it on a gel, and subsequently, cDNA
was synthesized using MMLYV reverse transcriptase from Gibco. The successful synthesis of
cDNA was confirmed using GAPDH primers. For the assessment of relative gene expression,
specifically for genes such as 1l11-a, 116, 111-B, Vimentin, COX-2, 118, and TNF-a, Real-Time
PCR (Biorad) was performed. This analysis utilized SYBR gPCR mixture from Kapa, along
with specific primers designed for the A-549 cell line, using GAPDH as the control
normalizer.The Delta Ct method was used to assess and compare the relative expression

outcomes between the treated and untreated samples.
3.2.3.5 Molecular Docking

In the present study, Autodock (specific version) was employed, and Autodock tools were
utilized for conducting the calculations. An energy-based scoring function was utilized to
evaluate the receptor-ligand interactions that were identified. The crystallographic structures
of five inflammatory molecular targets, including I11-a (PDB ID : 5UC6), II1-p (PDB ID :
6Y8l), 116 (PDB ID : 1P9M), Vimentin (PDB ID : 3TRT), COX-2 (PDB ID : 5KIR), 118 (PDB
ID : 5D14), and TNF-o (PDB ID: 2AZS5), were acquired from the Protein Data Bank (PDB,
www.rcsb.org). To identify potential docking sites for proteins, a grid map was generated using
AutoGrid. For all proteins, a grid of dimensions 60x60x60 points was established. AutoGrid
was employed to set the spacing between grid points at 0.375, and Gasteiger charges were
computed using AutoDock tools. After the docking process was completed, RMSD clustering
maps were created by re-clustering with tolerance values of 1, 0.5, and 0.25. This process aimed


http://www.rcsb.org/

to identify the best cluster with the highest population and the lowest energy score. Molecular
docking studies were conducted using receptor-ligand interaction tools in Discovery Studio
v2.5.

3.2.3.6 ADMET Analysis

Lipinski Rules or the Rule of Five (ROF) serves as a practical guideline for evaluating drug
likeness or assessing whether a chemical compound with specific biological or
pharmacological activity possesses the characteristics that would make it a potentially effective
orally administered drug. The Lipinski rule takes into account various pharmacokinetic drug
properties such as absorption, distribution, metabolism and elimination (ADME) on specific
physicochemical attributes viz.; molecular weight (MW) < 500 Da, logP < 5, hydrogen bond
donor (HBD) <5, hydrogen bond acceptor (HBA) < 10. The ADME of constituents was carried
out by SwissADME software. Constituents were considered active if their oral bioavailability
(OB)>30[173, 174]. Constituents satisfying less than three criteria were deemed inactive.

3.2.3.7 Statistical Analysis

Colony forming unit (CFU) and wound healing assays were conducted, and their measurements
were analyzed using Image J software. Graphical and statistical analyses were performed with
GraphPad Prism 8.0 software from Graphpad Software, Inc. The data were represented as the
mean value SEM, and statistical significance was calculated using either a one-way ANOVA
or the student t-test, depending on the applicability. A significance level of *P < 0.05 was
considered as statistically significant. ImageJ software was employed for the quantification of

both CFU and wound healing assays.

3.3 Results and Discussion

3.3.1 Synthetic Procedure

Typically, 1,4-benzothiazines are synthesized by reacting 2-aminobenzenethiols with
dicarbonyl compounds in the presence of various oxidizing agents such as DMSO, bromine
under phase transfer conditions, sodium perborate, hydrogen peroxide, methoxytributylin-
FeCls, among others. A 2-step approach has been proposed for the oxidative cyclo-
condensation of 2-aminobenzenethiols with 1,3-dicarbonyl compounds. In the first step, 2-
aminobenzenethiol is oxidized to disulfide, followed by condensation with 1,3-dicarbonyls to

produce the corresponding 1,4-benzothiazine. However, these methods utilize environmentally



unfriendly reagents and yield relatively low product yields (approximately 50-60%), thus
requiring enhancement [175].

CAN, like several other oxidizing agents, has the capability to transform thiols into
sulfenyl radicals, leading to the formation of disulfides and various subsequent oxidation
products such as sulfoxides, sulfones, and other derivatives. To establish the role of CAN,
experiments were conducted where thiols were oxidized with an equivalent amount of CAN in
the presence of oxygen at room temperature. This resulted in a measurable yield of disulfide,
confirming that CAN functions as a catalyst for single-electron transfer in this process [176].

Considering the mechanism of disulfide formation from 2-aminobenzenethiols, we
progressed to obtain the corresponding disulfide by treating benzenethiol (1 mmole) and
NaHCOs3 (500 mg) in anhydrous MeCN (10 mL) with a solution of CAN (1 eqiv) in the same
solvent, that was added dropwise, at room temperature and constant stirring for 10-15 minutes.
Then an equimolar quantity of 1,3-dicarbonyl was added to the reaction mixture and refluxed
for about 10 minutes to obtain 2,3-disubstituted benzothiazines in good yield (80-85%).

A mechanistic rationale for the reaction would initially involve the oxidation of
thiophenol to sulfenyl radical which undergoes dimerization leading to the formation of
disulfide followed by cyclocondensation with the 1,3-dicarbonyls to yield the preferred 1,4-

benzothiazines. (Scheme 3.1)
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Scheme 3.1. Synthesis of benzothiazine derivatives using CAN

3.3.2 Bioassay
3.3.2.1 MTT assay determines high cytotoxic effects for the synthesized compounds against
A 549 cell line

For cytotoxicity assay, cancer cell lines A-549 and C4-2 were tested with the series of
synthesized substituted benzothiazine derivatives at different concentrations (10, 20, 30, 40, 50
pnM) and DMSO as control. The cytotoxicity results, as illustrated in Figure 3.1, demonstrate
that all these compounds displayed a notable ability to significantly inhibit the growth of lung
cancer cells. Among these, compound 3c demonstrated the most promising cytotoxicity against

A 549 cells and was thus selected for further evaluation.
3.3.2.2 Structure-Activity Relationship (SAR) Observations

The SAR analysis from this study provided valuable insights into how different chemical
modifications influence the cytotoxicity of thiazine derivatives. This relationship primarily
revolves around the electronic nature of the substituents attached to the thiazine core, which



affects the overall reactivity, cellular uptake, and interaction with biological targets. Here’s a

detailed explanation of the SAR findings:

A. Enhancement of Cytotoxicity by Electron-Donating Groups

The presence of electron-donating groups (EDGs), such as methyl (-CHs), plays a significant

role in increasing the cytotoxic potential of the compounds.

Methyl Group (-CHs): As seen in compound 3¢, the introduction of a methyl group at a specific
position on the thiazine core enhances the electron density of the molecule. This increase in
electron density leads to stronger interactions with biological targets such as proteins or nucleic
acids within the cancer cells. The increased interaction can enhance binding affinity to target
enzymes or receptors that regulate cell proliferation, leading to a higher likelihood of inducing

apoptosis or cell cycle arrest.

The methyl group also increases the lipophilicity of the compound, which improves its ability
to permeate the lipid-rich membranes of cancer cells, facilitating better intracellular uptake.
Once inside the cells, the compound can exert its cytotoxic effects more effectively, as

demonstrated by the superior performance of compound 3c in the cytotoxicity assay.
B. Diminished Cytotoxicity by Electron-Withdrawing Groups

In contrast to electron-donating groups, the presence of electron-withdrawing groups (EWGS),
such as chlorine (-ClI), was found to reduce the cytotoxic potential of the thiazine derivatives.

Chlorine Group (-Cl): The addition of a chlorine atom to the thiazine core decreases the
electron density of the molecule, making it less reactive in interactions with cancer cell targets.
The electron-withdrawing nature of chlorine can weaken the binding affinity of the compound
to essential biomolecules, such as enzymes or receptors involved in cell division and growth.
As a result, compounds with chlorine substituents showed reduced ability to induce cytotoxic

effects in the A549 cells compared to their methyl-substituted counterparts.

Furthermore, the chlorine atom may negatively affect the pharmacokinetic properties of the
compound, including solubility and membrane permeability. This reduced permeability could
hinder the compound's ability to enter the cancer cells in sufficient concentrations to exert its

cytotoxic effects, thereby diminishing its overall potency.

C. Position of Substituents



The position of the substituents around the thiazine core is another critical factor in determining
the compound’s cytotoxicity. Even with the same substituent, the exact location on the

molecule can influence how it interacts with biological targets.

In compound 3c, the strategic placement of the methyl group likely allowed for an optimal
balance between lipophilicity and reactivity, leading to enhanced cytotoxic effects. Conversely,
in compounds where the electron-withdrawing chlorine was placed, the negative impact on
cytotoxicity was also attributed to its specific position, which may have interfered with key
molecular interactions.Similar findings have been reported in studies involving substituted N-
(6-methyl-4-phenyl-6H-1,3-thiazin-2-yl) derivatives effective against MCF-7 and EC-9706
cancer cell lines [177].

Furthermore, compound 3c did not show any harmful effect on the HEK293T normal
cells. This observation suggests that the compound specifically targets cancerous cells while
having no effect on normal cell line. Among these compounds, 3c was identified as the most
potent agent due to its notably high level of cytotoxicity against A549 cancer cells while

causing minimal harm to normal cells and therefore, selected for further evaluation.
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Fig. 3.1. Cytotoxicity test of compounds (3a-3g) by MTT assay
3.3.2.2 CFU assay illustrates a dose-dependent inhibition of cell growth in vitro
The colony formation study was conducted using five different concentrations (15, 25, 35, 45,

s5uM) to investigate the influence of compound 3c on the suppression of growth and

progression of lung cancer cells. DMSO was utilised as the vehicle control. The results revealed



a decrease in the ability of lung cancer cells (A-549) dose dependently to form colonies in
response to compound 3c, as depicted in Figure 3.2 (a,b). As the concentration of 3c increased,
there was a significant reduction in cell proliferation, with a 50% inhibition observed at a
dosage of 25 uM in A-549 cells.
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Fig. 3.2. lllustrates the dose-dependent inhibition of colony formation by compound 3c in A549

lung cancer cells.

(a) It demonstrates how exposure to different doses of 3c (15, 25, 35, 45, and 55 puM) impacts

the ability of A549 lung cancer cells to form colonies.

(b) The graph visually represents the dose-dependent inhibition of colony formation in A549
cells in vitro. The experiment was conducted in triplicate, and ImageJ software and GraphPad
Prism 8.0 were used for both imaging and quantification. Significance was determined with *P
< 0.0001.

3.3.2.3. Compound 3c inhibits cellular migration in vitro

By employing a wound healing or scratch assay, we were able to quantify the migration of A-
549 cells in response to the presence of compound 3c. The results clearly indicate that the
compound led to a substantial and time-dependent reduction in the migration of these cancer
cells, as depicted in Figure 3.3 (a, b, ¢). Gap widths in the cells were measured at 0, 24, and
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48 hours after treatment using ImageJ software developed by NIH and were subsequently
analyzed using GraphPad Prism 8.0 software.
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Fig. 3.3. The time-dependent suppression of cellular migration or wound healing in A549 cells
upon treatment with compound 3c.

(a) Confluent A549 cells were subjected to a treatment of 3¢ (25 uM) after creating wounds in

the cell unilayer using a sterilized pipette tip, followed by the evaluation of gap widths at 0, 24,
and 48 hours post-treatment.

(b) Representative images illustrate the suppression of wound healing in A549 cells upon
treatment with 3c, in comparison to control cells treated with DMSO.

(c) A representative image demonstrates the closure of wounds in A549 cells treated with 3c.

Gap closure was assessed using Imagel software, and the experiment was conducted in

triplicates. Quantification was performed utilising Graphpad Prism 8.0 software, with a
significance level set at *P < 0.0001.

3.3.2.4 Compound 3c reduces expression of pro-inflammtory genes
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Clinical and epidemiological investigations have established a notable connection between an
inflammatory microenvironment, lung cancer, and inflammation. Research has indicated that
addressing the inflammatory microenvironment of tumors can decelerate the progression of
lung cancer in individuals already afflicted with the disease. The inflammatory response has
been associated with cancer cells' distinct capabilities, including rapid proliferation, metastasis,
resistance to programmed cell death signals, and the acquisition of resistance to chemotherapy.
Existing medications that target individual genes have not yielded successful therapeutic cures,
primarily due to the involvement of multiple genes and diverse pathways [178]. The impact of
compound 3c on A-549 cell lines, with a focus on proinflammatory genes, demonstrated a
noteworthy reduction in the expression of several pro-inflammatory genes (such as Il1-a, I11-
B, 116, 118, Vimentin, TNF- a, COX-2) in an in vitro setting, as depicted in Figure 3.4. This
suggests that compound 3c has the potential to inhibit the baseline activation of

proinflammatory genes.

o Control
I 1 Treated
0.254 o
. o Control <
I -
3 0.20 o m  Treated %
% 5
@ 0.1549 0
g : d
20.104 0
2 E
-
= 0.05-
n 0=
0.00 T 'li!ﬁ'l_ Control Treated
Control Treated
15106 *kk
° 0.00010-
*kk Control . e Control
W Treated  g000s] e . m Treated
5 1x10%4
Il I
g s 2 0,00006-
0 %)
© = -
3 sx1074 .  0.00004 _I'éa_
_ﬁ_ 0.00002-
0 T T 0.00000 T T
Control Treated Control Treated



0.00006+
+ Control 0.003 kK
. e Control
1
E %_ Treated : » Treated
&0.00004- E 0.0024 ote
0 . S
§ 0 3
& 000002 h PRI
oY > 0.0014
0 [=
g
0.00000 T T 0.000 T T
Control Treated Control Treated
EET)
0.015+
° e Control

I

: ﬁEF n Treated

% 00107

Q

£

5 0.005 =

go o

S

0.000 T T
Control Treated

Fig. 3.4. The real-time gene expression analysis of pro-inflammatory genes was conducted
after treatment with compound 3c (25 pM) and using DMSO as the vehicle control. The data
was normalized to GAPDH expression. Each data point represents an experiment with a single
sample mean value obtained from three replicates. Significance was determined with *P <
0.0001 using GraphPad Prism 8.0 software.

3.3.2.5 Molecular Docking Analysis

The table presents the binding energy scores of the 3c compound when it interacts with the
active sites of various protein targets, including IL1-a, IL8, IL1-B, IL6, Vimentin, COX-2, and
TNF-a, as determined using the AutoDock tool. These interactions were found to be stabilized
through the creation of multiple hydrogen bonds and other stacking interactions with important
residues within the target proteins. Notably, when 3c interacted with cyclooxygenase-2 (COX-
2) and IL-8, it exhibited the strongest binding affinities, with binding energies of -7.06 and -
7.54 kcal/mol, respectively (Figure 3.5).



Proteins
Involved

COX2

Amino acid residues

LEU(145), GLY(533), ARG(376),

HIS(226), GLY(225), GLY(227),

VAL(228), ASN(537), GLY(536),

TRP(139), VAL(538), PRO (127),

TYR(373), GLN(374), PHE(142),
ASN(375)

Energy
binding
score
(kcal/mol)
-7.06

IL1

DG(11), ILE(68), TRP(113), DG(13),
ILE(18), DG(12), ARG(16),
THR(115)

-5.17

IL6

THR(248), TRP(249), ARG(259),
SER(260), LYS(252), ILE(232),
THR(258), MET(250), ASN(224),
LYS(228)

-4.38

e -

Fropyl 3-methyl-4H-benzo[b][1,4]|thiazine-2-carboxylate

IL8

CYS(7), CYS(48), GLU(46), GLN(6),
LYS(9), LEU(47), THR(10), TYR(11)

-7.54

ILB

LEU(69), PRO(131), TYR(24),
GLU(25),VAL(132), LEU(26),
LEU(82), GLN(81), PHE(133),
THR(79), LEU(134), LYS(77)

-5.52

TNF

LEU(57), TYR(151), TYR(59),
TYR(119), GLY(121),
GLN(61),LEU(120), SER(60),
LEU(120), TYR(119), TYR(59),
SER(60), GLN(61)

-5.36

VIMETIN

SER(299), PHE(295), ALA(296),
LYS(292),LEU(298),ALA(302),
ALA(301)

-3.81

Fig. 3.5. Energy binding score of the compound 3c (kcal/mol) against various protein targets

The strong binding affinity of compound 3c is attributed to its hydrogen bond interactions with

specific residues (Val538 and TYR373) of the inflammatory marker enzyme cyclooxygenase

(COX-2). Additionally, 3c forms van der Waals interactions with several other residues
(GLY225, GLY227, GLY533, GLY536, LEU145, HIS226, VAL228, GLN374, and ASN375)
of COX-2. Furthermore, 3c demonstrates exceptionally high binding affinity with all three
tested cytokine targets, namely TNF-a, IL-1p, and IL-6, as detailed in Table 3.1.



Table 3.1. 2D and 3D interaction of compound 3c with respective amino acid residues
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3.3.2.6 ADME and drug alikeness properties

The pharmacokinetic attributes of the active compounds were analyzed using SwisSADME,
which predicts certain physicochemical characteristics such as molecular weight (mol MW),
solubility (QPlogS and CIQPlogS), as well as the number of hydrogen bonds donated
(donorHB) and acceptted (accptHB) to water molecules in a medium. These four molecular
characteristics collectively form the basis for the Lipinski rule of five, which assesses a
molecule's suitability as a drug. To be considered promising, a compound should score higher
than 1 and exhibit a specified biological activity of 330. This rule provides insights into how
well these compounds may perform in terms of chemical pharmacokinetics within living
organisms. The results indicated that all the molecules had the potential to be considered as

drug candidates, as they met the criteria set by Lipinski's rule, as shown in Table 3.2.



Table 3.2. Evaluation of drug-like properties of the screened compounds using Lipinski’s

Compound

3a

3b

3c

3d

3e

3f

39

3h

Canonical SMILES

COC (=0)
C1=C(C)Nc2c(S1)cccc2

CCOC (=0)
C1=C(C)Nc2c(S1)cccc2

CCCOC (=0) C1=C (C)
Nc2c (S1) cccc2

COC (=0) C1=C (C)
Nc2c (S1) ccc (c2) Cl

CCOC (=0) C1=C (C)
Nc2c (S1) ccc (c2) Cl

CCCOC (=0) C1=C (C)
Nc2c (S1) ccc (c2) Cl

CC(COC (=0) C1=C (C)
Nc2c (S1) cccc2)C

CC (COC(=0)C1=C(C)
Nc2c (S1) ccc (c2) (CI)
C

rule

#Molecu #Rotat

lar

weight

221.28

235.30

249.33

255.72

269.75

283.77

263.36

297.80

able
bonds

2

#H-
bond
accept
ors
2

#H-
bond
donors

1

Lipinski’s
rule

Yes

Yes
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3.4 Conclusion

Thiazines are a wide class of synthetic compounds that demonstrated various pharmacological
effects. Its derivatives also displayed anticancer activity at various phases of cancer
development. In this regard, the synthesized benzothiazine derivative Propyl 3-methyl-
benzo[b][1,4]thiazine-2-carboxylate has shown prominent results against A 549 cancer cell
line and encouraged the synthesis of small molecules against cancer. Further, it was able to
effectively downregulate a number of pro-inflammatory genes in vitro, including IL1-0, IL1-
B, IL6, Vimentin, COX-2, IL-8, TNF-a. Also, the compound exhibited remarkable binding
affinity with various screened cytokines. Drug-likeness analysis also signifies the fact that such
molecules can be considered potential candidates for cancer therapy.
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Benzothiazole-Piperazine Hybrids: Synthesis,
Characterization, Cytotoxic and
Conputational Studies




4.1 Introduction

Benzothiazole is a heterocyclic compound containing both sulfur along with nitrogen atoms in
its structure. In recent years, this compound has garnered significant attention due to its
favorable biological properties. One of the key features of benzothiazole is its thiazole moiety,
which has been proven to be crucial in designing the anticancer drugs. This is evident from the
clinical success of various compounds that contain the thiazole ring, such as tiazofurin and its
analogs, as well as bleomycins (BLMs) [179, 180]. Researchers are actively engaged in
extensive studies over benzothiazole moiety with the aim of discovering primary lead
compounds capable of effectively targeting various types of cancer. Recent advancements in
this field have been summarized to help understand the potential of benzothiazole derivatives
as cancer-fighting agents. This is accomplished by examining the effects resulting from various
chemical substitutions. The essential structure of the benzothiazole moiety, which is pivotal for
its anti-cancer properties, is depicted in Figure 1 [181-183]. During the process of developing
and screening tyrosine kinase inhibitors, researchers have investigated the role and impact of
the benzothiazole structure in the field of oncology [184-186]. In 1994, Stevens and his
research team synthesized various derivatives of 2-phenylbenzothiazoles that included
polyhydroxy groups. These synthesized derivatives were then tested on various cancer cell
lines, including those associated with breast cancer, colon cancer, and squamous carcinoma.
These specific cell lines were chosen because they were known to exhibit high levels of EGFR.
The principal objective of this research was to assess the effectiveness of these derivatives as
inhibitors of the tyrosine kinase receptor [187]. Simultaneously, they conducted an assessment
of the estrogenic activity of benzothiazole derivatives, considering their structural similarity to
2-phenyl indoles. Interestingly, the synthesized compounds demonstrated prominent and
specific toxicity against MCF-7 cell line. This observation led to the conclusion that the
compounds' capacity to inhibit tumor growth was not linked to tyrosine kinase receptors
receptors [188, 189].

Numerous benzothiazole derivatives that were combined with other biologically
relevant heterocyclic systems, such as imidazole and oxazole, demonstrated anticancer
properties against various cancer cells. The anticancer effectiveness of these benzothiazole
containing derivatives was found to be influenced by the particular heterocyclic substitutions
incorporated into their structures [190-192]. Benzothiazole derivatives that featured
sulphonamide, piperazino-arylsulfonamide, and arylthiol structures were assessed for their

potential to inhibit cell proliferation across various cell lines. Specifically, a compound called



4-(benzo[d]thiazol-2-yl)piperazin-1-yl)-2-oxoethyl-4-chloro-benzenesulfonodithiomide
exhibited noteworthy activity against the DU-145 cell line. Conversely, another compound, N-
(2-(4-(benzo[d]thiazol-2-yl)piperazinyl)-2-oxoethyl)-2,5-dichlorobenzenesulfonodithio-
amide, displayed strong activity against multiple cell lines derived from human sources [193,
194].

In recent times, molecular hybridization has gained prominence as a valuable approach
for altering chemical structures by merging multiple pharmacophores into a unified compound.
This innovative technique has emerged as a prominent method in the quest for developing
anticancer treatments that may effectively address the pharmacokinetic limitations often
encountered with conventional cancer drugs [195, 196]. In the year 2010, scientists employed
a hybrid approach to synthesize various derivatives incorporating 2-thiourea-substituted
benzothiazoles. These newly created compounds were subsequently evaluated for their
potential to combat cancer using MCF-7 and HelLa cell lines as test subjects. The primary
objective of this study was to investigate the impact of both the benzothiazole and thiourea
components within these compounds on the behavior of DNA topoisomerase enzymes | and 11
[197, 198]. It is worth highlighting that compounds with alterations involving thiophene and
morpholine-substituted thiourea-benzothiazole structures displayed the highest level of
effectiveness. This enhanced efficacy was attributed to their ability to induce apoptosis, a
regulated cell death process, through the activation of the Caspase-3 pathway [199-201]. In the
year mentioned, another research project employing a hybrid methodology was carried out by
Havrylyuk and their research team. In this specific study, they developed and synthesized
derivatives of 2-aminobenzothiazole that featured substitutions with 4’-thiazolidinyl groups.
The inspiration for this design stemmed from a prior investigation led by the same group of
researchers, which had a focus on the 4-thiazolidinone moiety [201-203]. The synthesized
derivatives were subjected to assessment to determine their efficacy against various cancer
cells, including those associated with lung, colon, melanoma, central nervous system (CNS),
ovarian, renal, leukemia, and breast cancer. Notably, a compound with the chemical structure
(2-(2-[3-(benzothiazol-2-ylamino)-4-oxo-2-thioxothiazolidin-5-ylidenemethyl]-4-
chlorophenoxy)-N-(4-methoxyphenyl)-acetamide) demonstrated exceptional potency against
all of these tested cancer cell lines [204]. These studies underscored the relevance of utilizing
a hybrid-approach in the development of novel benzothiazole derivative molecules with
potential applications in cancer therapy.



The inclusion of the piperazine ring offers significant advantages in the development
of potential anticancer drugs [205]. Piperzinobenzopyranones have been recognized as notable
compounds for the inhibition of the breast cancer resistance protein, a factor that can diminish
the efficacy of anticancer drugs [206]. Nucleoside analogs containing the piperazine ring have
a tendency to display cytotoxic effects against numerous cancer cells. Consequently, the most
potent compounds were subjected to additional research to uncover their mechanism of action.
The investigation unveiled that these compounds induced cell death associated with senescence
by inhibiting specific kinase proteins [207]. Compounds based on the piperazine-benzothiazole
backbone, such as aryl sulphonamides and aryl thiol derivatives, have shown significant
cytotoxic effects against numerous cancer cell lines, including MCF-7 and HepG-2 cells [208,
209]. Drawing from these discoveries, we have undertaken the synthesis, separation,
purification, and characterization of recently formulated derivatives featuring the piperazine-
benzothiazole framework. In order to gauge their efficacy, we conducted assessments of the
cytotoxic characteristics of these compounds against the prostate C4-2 cancer cell line through

various functional assays.
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Fig. 4.1. FDA approved anti-cancer drugs containing benzothiazole as core scaffold

4.2 Materials and Methods
4.2.1 Chemistry

Solvents and chemicals were procured from Sigma Aldrich and used without additional
refinement. Melting points were identified in degrees Celsius employing the open-end capillary

method. NMR analysis was conducted on a Bruker 500 (400 MHz) instrument, referencing to



TMS, and using DMSO/CDCl; as the solvent for H! and C'® NMR. Chemical reactions were
monitored using E-Merck aluminum TLC sheets (60 F 254, 20 x 20 cm, 0.2 mm thick) coated
with silica gel and charring agent (ceric ammonium sulfate). Spot detection was performed
under UV light at 366 & 254 nm. Column chromatography utilized Merck silica gel (60-120
mesh). RPMI 1640 medium (catalogue no. 11875-093), FBS, L-glutamine (catalogue no.
25030081), Penstrep (Catalogue no. 15240062), and trypsin (Catalogue no. 25200056) were
supplied by Gibco/Life Technology. C4-2 cell line was obtained from the University of
Pittsburgh, USA, under a Material Transfer Agreement (MTA) with M.D. Anderson Cancer
Centre, USA. Unless otherwise specified, reagents and solvents were used in their original form

from commercial suppliers, and the yield was not optimized.

4.2.2 General Procedure for the Synthesis of 2-(Piperazin-1-yl) Benzothiazole Derivatives:

The procedure involved conducting the experiment in a 25 mL round-bottom flask equipped
with a magnetic stir bar. The flask contained chloro derivative of benzothiazole (1 mmol), an
aminating agent (2.0 equivalents), comprising various piperazine derivatives, and water (2
mL). The resultant mixture was gently stirred at normal temperature for a duration varying
from 30 minutes to 5 hours, depending on the specific amine utilized. The reaction progression
was observed through TLC. Following the culmination of the reaction, ethyl acetate was added
to the mixture. The unrefined product underwent purification via column chromatography. The
identification and purity of the final product were confirmed through NMR and mass

spectrometry techniques.
4.2.2.1. 2-(4-ethylpiperazin-1-yl) benzthiazole (3a")

Yield: 82%, mp 100-105°C, *H NMR ( 400 MHz, CDCl3): § = 1.03 (t, J = 12.0 Hz, 3H), 1.28
(9, J = 20.0 Hz, 2H), 2.40 (t, J = 8.0 Hz, 4H), 3.59 (t, J = 4.0 Hz, 4H), 6.94-7.50 (m, 4H); 13C
NMR ( 100 MHz, CDCl3): 6 = 10.77, 47.19, 50.91(2C), 51.24 (2C), 118.07, 119.06, 120.40,
124.97, 129.70, 151.08, 167.68 ESI-MS m/z: Calculated for C13H17N3S [M+H]" 247.11,
Found 247.10

4.2.2.2 2-(4-methyl piperazine-1-yl) benzo[d]thiazole (3b")



Yield: 82%, mp 100-105°C, *H NMR ( 400 MHz, CDCl3): § = 1.03 (t, J = 12.0 Hz, 3H), 1.28
(0, 3 = 20.0 Hz, 2H), 2.40 (t, J = 8.0 Hz, 4H), 3.59 (t, J = 4.0 Hz, 4H), 6.94-7.50 (m, 4H); 13C
NMR ( 100 MHz, CDCls3): 6 = 10.77, 47.19, 50.91(2C), 51.24 (2C), 118.07, 119.06, 120.40,
124.97, 129.70, 151.08, 167.68 ESI-MS m/z: Calculated for C13H17N3S [M+H]" 247.11,
Found 247.10

4.2.2.3 tert-butyl 4-(benzo[d]thiazol-2-yl) piperazine -1- carboxylate (3c")

Yield: 78%, mp 141-145°C, *H NMR ( 400 MHz, CDCls): § = 1.41 (s, 9H), 3.51-3.54 (m, 8H),
6.99-7.54 (m, 4H); *C NMR (100 MHz, CDCls): = 27.36(3C), 28.66, 47.19(2C), 79.39(2C),
118.23, 119.73, 120.66, 125.08, 129.65, 151.49, 153.54, 167.66 ESI-MS m/z: Calculated for
C16H21N302S [M+H] *319.14, Found 319.12

4.2.2.4 2-(4-(benzo[d]thiazol-2-yl) piperazin-1-yl) ethan-1-amine (3d")

Yield: 73%, mp 115-118°C, 'H NMR ( 400 MHz, CDCls): 5 = 0.88 (t, J = 12.0 Hz, 2H), 1.13
(t, J = 24.0 Hz, 2H), 1.62 (t, J = 4.0 Hz, 2H), 3.60 (t, J = 8.0 Hz, 4H), 3.83 (t, J = 12.0 Hz, 4H),
6.98-7.60 (m, 4H); 3C NMR ( 100 MHz, CDCl3): & = 30.20, 30.56, 47.51(2C), 48.54(2C),
120.66, 121.96, 126.75, 131.19, 149.86, 154.62, 168.83 ESI-MS m/z: Calculated for
C13H18N4S [M+H]* 262.13, Found 262.12

4.2.2.5 2-(4-(benzo[d]thiazol-2-yl) piperazin-1-yl) ethan-1-ol (3e")

Yield: 77%, mp 120-124°C, *H NMR (400 MHz, CDCl3): § = 1.12 (t, J = 24.0 Hz, 2H), 1.97
(t, J = 20.0 Hz, 2H), 2.51 (t, J = 8 Hz, 2H), 3.59 (t, J = 4.0 Hz, 4H), 6.97-7.50 (m, 4H); 1*C
NMR (100 MHz, CDCl3): & = 21.76, 30.54, 46.84(2C), 50.53(2C), 117.59, 119.32, 120.67,
124.25, 129.48, 151.83, 167.41 ESI-MS m/z: Calculated for C13H17N30S [M+H]* 263.11,
Found 263.09

4.2.2.6 2-(4-(o-tolyl)piperazin-1-yl)benzo[d] thiazole (3f)

Yield: 75%, mp 160-164°C, *H NMR ( 400 MHz, CDClz): & = 2.08 (s, 3H), 3.51 (t, J = 8 Hz,
4H), 3.76 (t, J = 4 Hz, 4H), 6.98-7.84 (m, 8H); *C NMR & = (100 MHz, CDCl3): 18.09,
49.78(2C), 50.21(2C), 113.70, 118.56, 120.66, 121.28, 123.64, 126.11, 128.45, 130.90, 131.44,
140.70, 153.38, 152.90, 168.80 ESI-MS m/z: Calculated for C18H19N3S [M+H] * 309.43,
Found 309.40



4.2.2.7 2-(4-(pyrimidin-2-yl) piperazin-1-yl) benzo[d]thiazole (3g’)

Yield: 78%, mp 165-168°C, *H NMR ( 400 MHz, CDCl3): & = 3.63 (t, J = 4.0 Hz, 4H), 3.92
(t,J=8.0 Hz, 4H), 7.54-6.42 (m, 5H, aromatic protons), 8.25 (d, J = 4 Hz, 2H); 13C NMR (100
MHz, CDCls): & = *C NMR ( 100 MHz, CDCls): 42.10(2C), 46.83(2C), 109.50,118.19,
119.99, 120.95, 125.40, 129.46, 151.57, 156.55(2C), 159.95, 167.41 ESI-MS m/z: Calculated
for C15H15N5S [M+H] *297.10, Found 297.05

4.2.2.8 2-(4-(2-methoxyphenyl) piperazin-1-yl) benzo[d]thiazole (3h")

Yield: 80%, mp 158-161°C, 'H NMR (400 MHz, CDClz): § =2.98 (s, 3H), 3.53-3.76 (m, 8H),
6.63-7.45 (m, 8H); 13C NMR ( 100 MHz, CDCls): & = 48.73(2C), 50.58(2C), 54.95, 110.86,
118.56, 119.00, 120.35, 121.05, 121.33, 123.64, 126.10, 131.20, 140.69, 152.21, 153.25,
168.84 ESI-MS m/z: Calculated for C18H19N30S [M+H] *325.12, Found 325.08

4.2.2.9 2-(4-phenylpiperazin-1-yl) benzo[d]thiazole (3i')

Yield: 78%, mp 165-168°C, *H NMR (400 MHz, CDCls): § = 2.99 (t, J = 4 Hz, 4H) 3.64 (t,
J = 4 Hz, 4H), 7.48-6.69 (m, 9H, aromatic protons) 3C NMR ( 100 MHz, CDClz): § =
48.71(2C), 50.21(2C), 111.49, 118.56, 119.27, 123.64, 126.11(2C), 130.90(2C), 140.79,
152.35, 152.90, 168.84 ESI-MS m/z: Calculated for C17H17N3S [M+H] * 295.11, Found
295.07

4.2.2.10 2-(4-(4-nitrophenyl)piperazin-1-yl)benzo[d]thiazole (3j")

Yield: 71%, mp 165-168°C, *H NMR ( 400 MHz, CDCls): § = 3.55 (t, J = 12 Hz, 4H), 3.76 (t,
J=8Hz, 4H), 7.98-7.01 (m, 8H); 13C NMR ( 100 MHz, CDCl3): 8 =49.91(2C), 50.89(2C),
114.01, 119.16, 120.29, 121.44, 123.64, 125.32, 126.19, 130.08, 139.95, 141.38, 151.35,
158.90, 168.78 ESI-MS m/z: Calculated for C17H16N402S [M+H] * 340.10, Found 340.10

4.2.3 Biological Assay

C4-2 cells were sourced from Professor Zhou Wang at the University of Pittsburgh, Texas,
USA, through a Material Transfer Agreement (MTA) with MDA Cancer Centre, USA. A-549
cancer cell line was procured from NCCS Pune. The cells were nurtured in RPMI media,
enriched with 10% Fetal bovine serum (FBS), 1% L-glutamine, and 100 pg/ml streptomycin-
penicillin. The cell culture was maintained in a 5% CO: incubator at a temperature of 37°C.



4.2.3.1 MTT Assay

The MTT assay is a commonly employed colorimetric method to evaluate cellular metabolic
activity, viability, and proliferation. In the assessment of the impact of compounds 3a'-3j', C4-
2 and A-549 cells were grown in a 96-well plate, with each well containing a final volume of
100 pl. The cells were allowed to incubate for 24-48 hours prior to treatment with compounds
at various concentrations, followed by an additional 24-hour incubation period. To measure
cell viability, 10 pl of MTT solution was introduced into each well, resulting in a concentration
of 5 mg/ml. Subsequently, the cells were placed in an incubator for 4 hours at 37°C. The
formazan crystals were dissolved using a solubilization solution (DMSQ), and the absorbance
of the resulting colored solution was assessed at a wavelength of 563 nm using an ELISA

reader. The final data were analyzed using GraphPad Prism 8.0.
4.2.3.2 CFU Assay

To explore the potential of an individual cell to proliferate and form a substantial colony, an in
vitro colony forming unit assay was carried out. C4-2 cells were propagated in six-well plates
until they achieved 70-80% confluence. Subsequently, the cells were treated with various doses
of compound 3g' (10, 20, 30, 40, and 50 uM) as well as a DMSO control for a duration of 48
hours. Following the treatment, an equal number of cells were evenly distributed in 10 cm
dishes, and the colonies were counted using ImageJ software. This experiment was replicated
three times, and each group had triplicates. Statistical analysis was performed using a t-test in
GraphPad Prism 8.0, with a p-value below 0.05 considered indicative of statistical significance.

This assay assessed the compound's efficacy in promoting colony growth.

4.2.3.3 Wound Healing Assay

To investigate the potential of compound 3g" in promoting wound healing, an in vitro WHA
was conducted. C4-2 cells were cultured in a monolayer within 6-well plates until they
achieved 70-80% confluence. An incision was made using a sterilized 200 ul pipette tip in the
center of the cell unilayer, after which the cells were washed with PBS. Fresh RPMI media
supplemented with 1% PenStrep, and 1% L-glutamine, 10% Fetal Bovine Serum was
introduced to the wells, and a quantity of 19.45 uM compound 3g was introduced, with DMSO

serving as the control. Bright-field images were captured using an LMI microscope to depict



the gap between the cells before the addition of compound 3g'. The plates were then kept in an
incubator at 37°C with 5% CO3, and images of the incision were taken at 24, 48, 72, and 96
hours to monitor changes in the width of the gap. The ImageJ software was employed to
quantify the wound diameter, and Graphpad Prism 8.0 was used to analyze the distance
between the cells as a proportion of the wound area. A p-value below 0.05 was deemed to be
statistically significant. This assay was conducted to evaluate the impact of compound 3g' on

in vitro wound healing.

4.2.3.4 RNA Isolation, PCR amplification, and quantitative Real-Time expression analysis
(RT-PCR)

C4-2 cells were cultured in 10 cm dishes for two days until they reached 70-80% confluence.
Subsequently, these cells were exposed to a dosage of 19.45 uM of compound 3g* and DMSO,
respectively, and incubated for 24 hours. To extract total cellular RNA from the C4-2 cancer
cell line, the Trizol method (Thermo Scientific) was employed adhering to the manufacturer's
guidelines. Isolated RNA was then evaluated for quality by electrophoresis on a gel, and cDNA
was synthesized using MMLYV reverse transcriptase (Gibco) as per the protocol. The successful
synthesis of cDNA was confirmed using GAPDH gene primers. Real-time PCR (Biorad) was
utilized to assess the genes' relative expression levels employing SYBR® gPCR mixture
(Kapa) and specific primers designed for the C4-2 cell line, with GAPDH serving as the control

for normalization.
4.2.4 Molecular Docking Analysis

The study involved the examination of the interaction between the synthesized compounds and
the protein target, androgen receptor (AR), which was identified using the AutoDock 4 tool
[210]. A scoring function based on energy was used to assess the affinity for binding of the
ligands towards the molecular target, namely Androgen Receptor (PDB ID: 2PNU), which was

sourced from the Protein Data Bank ( www.rcsb.org ) [211]. AutoGrid was responsible for

generating a grid map that represented the docking sites for the proteins. In the case of the
protein, a grid measuring 60x60x60 points in each dimension was established. AutoGrid was
utilized to define the spacing of grid points (0.375), and Gasteiger charges were calculated
using AutoDock tools. After completing the docking protocols, RMSD clustering maps were
obtained by re-clustering the data using the tolerances of 0.25, 0.5, and 1.0. This facilitated the

identification of the cluster with ideal parameters with the highest number of populations and


http://www.rcsb.org/

the lowest energy score. Molecular docking analysis were then carried out using tools within

Discovery Studio v2.5 to examine receptor-ligand interactions.
4.2.5 Molecular Dynamics Simulation (MDS)

The molecular docking results of protein and ligand complexes were analyzed using MDS
(Molecular Dynamics Simulations) in Desmond version 2020.1 [212] for 100" nano-seconds
time scale. The initial phase in creating ligand-protien complexes for Molecular Dynamics
Simulations (MDS) consisted of conducting docking experiments. In static scenarios,
molecular docking studies can predict the binding state of the ligand. MDS commonly utilizes
integration to track the motion of atoms over a period. Docking experiments provide a fixed
snapshot of how a molecule interacts with a protein's active site. To investigate the dynamic
behavior and atom movements over a period, molecular dynamics (MD) simulations are
utilized. In these simulations, Newton's classical equation of motion is employed to calculate
atom movements, allowing for the prediction of the ligand's binding state in a realistic
physiological environment [213, 214]. The ligand-protein complex underwent an initial
processing using the protein-preparation wizard, which encompassed minimization and fine-
tuning of the complex. Every system was assembled utilising the system-builder tool. The
Solvent Model with an orthorhombic box (SPC) at 3 points, operating at 300K and 1 atm
pressure, was employed in conjunction with the Transferable Inter-molecular Interaction
Potential (TIIP), and the OPLS 2005 force field was chosen for the simulations [215, 216]. The
models were inverted and utilized to replicate physiological conditions, incorporating counter
ions and 0.15 M sodium chloride, respectively. The ultimate Molecular Dynamics Simulation
(MDS) run was carried out for a duration of 100 nanoseconds. Subsequently, the complexes
were examined for their primary components in principal modes ( PC1 and PC2 ) modes
utilizing geo measures version 0.8. [217]. The geo measures module records g sham and Eigen
values and represents them in a three-dimensional plot using the Python tool Matplotlib, which
is commonly used for statistical computing. The most recent production run was executed at a
pace of 100 nano-seconds per unit. Various metrics, including the count of H-bonds, RMSD,
RMSF, Rg and SASA were utilised to evaluate the consistency of the Molecular Dynamics
Simulations (MDS). The analysis of the 100 nanoseconds simulation was utilized to monitor
stability [218].



4.2.6 Binding Free Energy Examination

The binding free energies of the protein-ligand complexes were determined using the MM
GBSA approach, which integrates molecular mechanics calculations with the GBSA method.
The Python script “"thermal mmgbsa.py” was employed to calculate the Primary MM GBSA
binding free energy for the ligands. This calculation was performed using the last 50 frames of
a simulation trajectory, with a sampling interval of 1 step. The Prime MM GBSA binding free
energy, expressed in kcal/mol, was computed by adding up different energy elements,
encompassing covalent bonds, coulombic interactions, H-bonds, van der Waals forces, self-
contacts, lipophilic interactions, and solvation energies, were considered for protein-ligand
complex. This approach follows the principle of additivity, where each energy term contributes
to the overall binding free energy (AGbind). The equation for computing AGbind is expressed

as follows:
AGbind = AGCovalent + AGHbond + AGvdW + AGLipo + AGSolv. GB

In this equation, each term represents the contribution of a specific energy component to the
total binding free energy (AGbind). The MM-GBSA method provides a comprehensive
estimation of binding affinity by taking into account multiple energetic factors.

4.2.7 ADMET Analysis

To confirm the biological results, we assessed the in silico predictions for the ADMET
properties of all compounds were generated using the SWISS-ADME software. Evaluating
these physicochemical properties is crucial in assessing whether a molecule conforms to
Lipinski's rule of five, which is a key factor in determining its suitability as a potential drug
candidate [219, 220]. Lipinski's rule of five relies on four essential molecular characteristics to
gauge whether a compound possesses desirable drug-like qualities. A compound is considered
viable if it attains a score above 1 and demonstrates a specified biological activity of 330 or
more. In simpler terms, when a compound's physicochemical properties meet these criteria, it
is more likely to be regarded as a potentially active and efficacious molecule for its intended

use.



4.3 Results and discussion
4.3.1 Chemistry

In the past, various techniques have been devised for the synthesis of benzothiazole derivatives
containing 2-substituted amines. Typically, these derivatives are prepared by replacing amines
with hetero-aryl halides using different combinations of metals and bases like Mn, Cu, Ag, Co,
Ni, or Fe. However, some of these methods have drawbacks, including being non-recyclable,
toxic, expensive, sensitive to moisture, harmful to the environment, and requiring high reaction
temperatures. To address these issues, a new, gentler approach for directly aminating azoles
was explored. This method aims to be cost-effective and environmentally friendly. Building
upon previous innovative techniques, the current method for synthesizing 2-substituted
thiazoles through C-N coupling adheres to the principles of green chemistry.

The initial research focused on aminating 2-chlorobenzothiazole (1mmol) under
different reaction conditions, using 2 equivalents of a base in a water-based solvent (2 mL).
Among the tested bases, NaOH yielded good results. Interestingly, even without the use of a

base, the reaction proceeded and provided satisfactory yields. Increasing the reaction *t

mperature had minimal impact (Scheme 4.1). After a thorough examination of various factors,
it can be that the intended cross-coupling product can be achieved by mixing 2-chloro
benzothiazole (Immol) with twice the equivalent amount of a secondary amine at ambient

temperature. in a 2 mL water solvent.
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Scheme 4.1. Cross-coupling of 2-chlorobenzothiazole with several piperazine derivatives

4.3.2 Bioassay

4.3.2.1 MTT assay reveals significant cytotoxic effects of the synthesized derivatives against
the C4-2 cell line

The MTT assay was utilized to assess the cytotoxicity of the synthesized compounds against
the C4-2 cancer cells. In this study, the cancer cells were treated with various substituted
benzothiazole derivatives at various concentrations and DMSO as control. The results (Figure
4.2) indicate that all the compounds demonstrated significant inhibition of prostate cancer cells.
Notably, all the synthesized compounds exhibited considerably higher cytotoxic effects.
Among the synthesized derivatives, 3g', displayed the highest cytotoxic activity against C4-2
cell line and was consequently selected for further investigation.

Furthermore, the structure-activity relationship was investigated,
primarily influenced by the substitutions around the thiazole moiety, which serves as the core
structure. The introduction of electron-donating groups (such as -CHs, NH>, etc.) was found to
elevate the cytotoxic effects of the compound. Additionally, the incorporation of other
biologically significant components, like pyrimidine, further augmented the cytotoxic
potential.
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Fig. 4.2. Evaluation of compound cytotoxicity (3a'-3j') using MTT assay

4.3.2.2 CFU assay indicated the suppression of cellular growth in vitro dose-dependently
CFU assay was carried out to examine how the growth of prostate cancer cells is influenced by
different concentrations of compound 3g'. In this experiment, C4-2 cells were subjected to
different concentrations of 3g', varying from 10 to 50uM, while DMSO was used as a control
(Figure 4.3). The findings indicated that as the concentration of 3g' increased, there was a
corresponding decrease in the ability of C4-2 cells to form colonies, showing a dose-dependent
response (Fig. 4.3(B)). Precisely, a 50% reduction in cell proliferation was noted at a
concentration of 19.45 uM in C4-2 cells (Fig. 4.3(A)). This experiment was conducted in
triplicate, and both ImageJ software and Graphpad Prism 8.0 were employed for image analysis
and quantification. The stastical significance was established at *P < 0.0001. These results
provide an evidence of the suppression of colony formation in C4-2 cells by compound 3¢’
dose-dependently.
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Fig. 4.3. Inhibition of C4-2 cancer cell colony formation by compound 3g' (A) Graphical
illustration of the dose-dependent suppression of colony formation in C4-2 cells in vitro. (B)
Examination of formation of colonies by the C4-2 cancer cell line is influenced by different
concentrations of 3g, specifically 10, 20, 30, 40, and 50 uM and DMSO as control.

4.3.2.3 Compound 3g suppresses wound healing/cell migration in vitro

WHA assay results revealed that the derivative 3g' effectively lessened the migration of cancer
cells in a time dependent manner. The width of the cell gap was measured at different time
points, specifically at 24, 48, 72, and 96 hours after treatment, using ImageJ software (NIH)
(Fig. 4.4(A)). The wound area (Fig. 4.4(B)) and the closure of the wound gap (Fig. 4(C)) were
quantified using Image J software, and the experiment was carried out in triplicate. Analysis
of the data was conducted using Graphpad prism 8.0, and statistical significance was indicated
by *P < 0.0001. These findings indicated a noteworthy inhibitory effect of compound 3g' on

the process of wound healing and cellular migration in the C4-2 cell line over time.

102



(A) (B)

Time Control Treatment
(Hours)
24
100 =@ Control
g - Treated
[y]
-
= 50 b
c
: ET T3
[=]
g *kk
0

0 24 48 T2

48 Time ( Hrs)
72
©)
100+ -8 Control
96

Wound Closure (%)

0 24 48 T2
Time ( Hrs)

Fig. 4.4. Time-dependent wound healing inhibition in C4-2 cancer cells by compound 3g' (A)
To visually demonstrate the reduction in cell migration in C4-2 cell line treated with compound
3g' in comparison to a control group treated with DMSO. (B) We measured the widths of gaps
in the C4-2 cancer cell layer at 24, 48, 72, and 96 hours following treatment to evaluate how
compound 3g' affects the inhibition of cell migration over time. (C) A representative image
was included to showcase the closure of the wound in C4-2 cells following treatment with
compound 3g'".
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4.3.2.4 Compound 3g" reduces the expression of genes that respond to androgens

Androgens are recognized for their role in the growth as well as progression of prostate cancer,
and the androgen responsive pathway is commonly used as an indicator to monitor the
advancement in human prostate cancer. In this examination, the effects of a compound called
2-(4-(pyrimidin-2-yl)piperazinyl)benzo[d]thiazole on the expression of androgen receptor
(AR) target genes were investigated in C4-2 cell lines using RT-PCR. The findings of the study
showed that this compound effectively reduced the expression of PSA and AR in C4-2 cells
when tested in vitro. Additionally, the compound also demonstrated the ability to suppress the
expression of ELL2, CALR, and EAF-2, which are genes responsive to AR, in C4-2 cells in
vitro (as shown in Fig. 5). Interestingly, it was observed that the compound may additionally
have a negative impact on AR negative cells, leading to the suppression of ELL2, a gene known
to impede cancer cell proliferation in such cells. These findings suggest that compound 3g' has
the potential to suppress the basal transcriptional activity of AR. The gene expression was
normalized using GAPDH (glyceraldehyde-3-phosphate dehydrogenase), and statistical
analysis was carried out using Graphpad prism 8.0, with significance value indicated as *P <
0.0001.
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Fig. 4.5. Real-time gene expression of androgen-responsive genes after intervention with
compound 39" (19.45 uM) compared to DMSO as vehicle control.

4.3.3 Molecular Docking Study

AutoDock was utilized to assess the binding energy of compound 3g* within the active site of
the AR protein target. The interaction between the protein and 39" was stabilized through the
formation of multiple H-bonds and other stacking interactions with crucial residues of the
protein. The docking analysis implied that the binding affinity between AR and 3g' was the
highest, with a score of -9.87 kcal/mol. 2D representations of the inter-molecular interactions
between the docked compounds (3a-3h) and the target protein were generated (shown in Fig.
4.6). Notably, amino acid residues such as Met 749, Met 745, Gly 708, Trp 741, Arg 752, Met
742, Asn 705, Leu 880, Thr 877, Phe 876, Phe 891, Leu 701, Leu 707, Phe 764, Leu 704,
and GIn 711 (as listed in Table 4.1) played a significant role in the docking of compound 3g'
to the AR target protein.
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Table 4.1;

Energy bonding score of compounds (3a’-3j") against AR protein target

Compound

Amino acid residues

Energy binding
score (kcal/mol)

3a’'

MET (749), MET (787), MET (742), PHE (876), VAL

(746), MET (780), LEU (875), LEU (701), THR (877),

LEU (880), PHE (784), LEU (704), LEU (701), MET
(745), ASN (705)

7.63

3b'

MET (741), MET (742), MET (780), LEU (704), ASN
(705), PHE (891), LEU (880), LEU (701), ILE (898),
ILE (899), MET (895), PHE (876)

7.26

3¢’

ARG (752), MET (745), VAL (745), MET (742) LEU
(873), MET (780), LEU (880), MET (787), PHE (891),
ASN (705), LEU (704), LEU (707), MET (749), THR
(877), PHE (876), LEU (701), PHE (764), GLN(711)

9.50

3d'

MET (745), ARG (752), MET (787), MET (742), VAL
(746), MET (749), LEU (880), PHE (891), MET (780),
ASN (705), LEU (704), PHE(764),
LEU(873),THR(877), PHE(764), PHE(876), ,
LEU(701)

7.46

3e'

TRP (741), MET (749), GLN (711), MET (745), ARG

(752), PHE (764), LEU (707), GLY (708), LEU (704),

PHE (875) ASN (705), MET (780), LEU (701), LEU
(880), THR (877), PHE (891)

7.64

3t

THR (877), PHE (876), PHE (891), LEU (701),ASN

(705), LEU (704),GLY (708), MET (745), ARG (752),

VAL (746),MET (749), THR (877), GLN(711), MET
(787)

-9.55

PHE (764), GLN (711), MET (749), MET (745), TRP
(741), ARG (752), MET (742), LEU (880), THR (877),
PHE (876), PHE (891), LEU (701),ASN (705), LEU
(704),GLY (708), LEU (707)

9.87

3h'

MET (749), MET (787), PHE (764), ARG (752), PHE
(876), LEU (880), MET (780), PHE (891), LEU (701),
LEU (707), THR(877), ASN (705), TRP (741), LEU
(704), MET (742), GLY (708), MET (745), LEU (873),
VAL (746)

8.87

3i'

ARG (752), MET (745), LEU (707), GLY (708), TRP

(741), GLN (711), MET (749), ASN (705), GLN (711),

LEU (701), PHE (876), PHE (891), THR (877), LEU
(880), PHE (764), LEU (704)

9.37

LEU (880), MET (787), PHE (891), ASN (705), LEU
(704), LEU (707), MET (780), LEU (880), MET (787),
PHE (891), LEU (704),PHE (764), ASN(705, MET
(780), PHE(764)

-8.01
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4.3.4 Molecular Dynamics Simulation

MD simulation was conducted to assess the convergence including stability of the 2PNU+3g’
system over a 100-nanosecond period. The results indicate that the conformation of the system
remained relatively stable, which is evident from RMSD analysis. Specifically, the RMSD of
the Co-backbone of 2PNU+3g' showed a stable value of 2.0 A. However, the 3g ligand
displayed significant conformational changes, with its RMSD remaining constant until 50 ns,
after which it overshot and stabilized at 8 A (as shown in Fig. 4.7(A)). This behavior indicates
that the protein Stromelysin, when bonded to the 3g' ligand, exhibits stable conformations due
to a strong affinity with the ligand. RMSF plot revealed notable alterations in the Stromelysin
protein bound to the 3g' ligand at specific residues, namely 5-20, 48, 115-125, and 130-148 (as
depicted in Fig. 4.7(B)). These fluctuations indicate higher flexibility in these regions, while
most of the residues remained relatively stable throughout the entire 100 ns simulation,
suggesting that their conformations remained rigid. Rg was used to measure the compactness
of the 2PNU Ca-backbone when bound to the 3g' ligand. The Rg value decreased from 16.9 to
16.54 A during the simulation, indicating a tendency towards a more compact conformation
(as illustrated in Fig. 4.7(C)).

A decrease in Rg implies that the protein takes on a highly compact structure when it
is bound to the ligand. To gauge the strength of interaction and overall stability of the complex,
the number of H-bonds formed between the 2PNU protein and the 3g' ligand was monitored.
Throughout the 100 ns simulation, the analysis revealed the presence of a few hydrogen bonds
on average, as depicted in Fig. 4.7(D).
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Fig. 4.7. M.D. simulation analysis of 100 ns trajectories of the protein and ligand (AR protein
and 3g") (A) Ca backbone RMSD of 2PNU+3g' (B) RMSF of Ca backbone of 2PNU+3g" (C)
Ca backbone Rg of 2PNU+3¢' (D) Formation of H-bonds in 2PNU+3g' (E) Solvent accessible
surface area 2PNU+3g'".

Following the analysis of the radius of gyration (Rg), similar trends were observed in the SASA
when comparing the unbound and ligand bonded states. As shown in Figure 4.7(E), in the
absence of the 3g' ligand and in the unbonded state to the binding protein 2PNU, a large surface
area was observed to be exposed to the solvent. However, when the protein formed complexes
with the ligands, the SASA values decreased, indicating a reduction in the solvent-accessible
surface area. The extent of this reduction in the peak reflects the tightness of the ligand-protein
binding. The comprehensive Rg analysis further suggests that ligand binding leads to a higher

level of compactness in the respective proteins.



4.3.5 MM-GBSA calculations

Using M.D. simulation data, the MM-GBSA approach was employed to calculate the binding
free energy and various contributing energies for the complex of 2PNU and the 3g' ligand. The
results, presented in Table 4.2, highlight the significant roles played by AGbindcoulomb,
AGbindvaw, and AGbindLipo in enhancing the stability of simulated complexes. Alternatively,
AGbindcovaent and AGbindsoives contribute towards the instability of these complexes.
Importantly, the 2PNU+3g" complexes displayed notably higher binding free energies. This
suggests that the 3g' ligand exhibits a strong binding affinity to the protein, effectively forms
stable complexes, and demonstrates efficient binding to the respective protein.

Table 4.2: Binding free energy components for the 2PNU+3g' calculated from MM-GBSA.

Energies (in 2PNU+3g'
kcal/mol )

AGbind -77.35
AGbindLipo -10.75
AGbindvdW -45.60

AGuindCoulomb -39.68
AGbindHbond -5.14

AGybindSolvGB 25.56

AGyindCovalent 1.72

4.3.6 Free Energy Landscape (FEL) and PCA analysis

PCA was applied to carefully examine the M.D. simulation trajectories of the protein-ligand
complex, with the aim of deciphering the stochastic, overall movement of atoms within the
amino acid residues. This analysis, as depicted in Fig. 4.8, seeks to unravel the scattered and
flexible trajectories observed in the data that can largely be due to the inherent unpredictability
and non-correlated global motion intrinsic to structure of the protein. The covariance matrix
generated from this analysis captures the temporal variation of internal cordinate mobility

ghprojected into 3D space over the course of a 100-nanosecond simulation. This recorded data



enables the interpretation of rational motion within each trajectory through orthogonal sets
called Eigen vectors. The M.D. simulation trajectory, specifically focusing on the C-a protein
atoms, reveals an unorganized orientation, particularly in principal components (PC1, PC2)
modes. Frames are scattered in various directions without forming distinct clusters, as
illustrated in Fig. 4.9(A). In contrast, higher principal components like PC2 and PC3 display a
more congruent clustering toward the center, as shown in Fig. 4.9(B). Similarly, in higher PC9
and PC10, frames exhibit a greater correlation toward the center due to better alignment of the
coordinates, as depicted in Fig. 4.9(C). The last 100 frames of the trajectory are predominantly
situated toward positive Eigen values, indicating ordered global motion. This observation

suggests that the system has achieved stability and is located at global minima.
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Fig. 4.8. Free energy decomposition of individual residues of protein during ligand binding
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Fig. 4.9. PCA-analysis performed on the eigenvalues of 1000 frame cartesian cordinates
extracted from the MD trajectory of the ligand-protein complex over a period of 100
nanoseconds. Free energy breakdown of isolated residues of protein during binding with the
ligand (A) PC 1 and PC 2, (B) PC 2 and PC 3 (C) PC 9 and PC 10.

4.3.7 ADMET and drug alikeness properties

The compounds chosen for this study have been found to adhere to Lipinski's Rule of Five
without any violations, as indicated in Table 4.3. This finding implies that these compounds
exhibit favorable drug-like properties, positioning them as promising candidates for further
exploration in drug development. Their compliance with Lipinski's Rule of Five suggests a
greater probability of successful processes such as absorption, distribution, metabolism, and

excretion, all of which are crucial for their potential effectiveness as orally administered drugs.
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Table 4.3. ADMET and drug-likeness properties of the screened molecules

Mol. Mol. No. of No. of H- No. of H- | Lipinski’s
Derivative formula weight | rotatable bond bond donors rule
bonds acceptors
3a' Ci3H17N3sS 247.36 2 2 0 YES
3b' Ci12H15N3S 233.33 1 2 0 YES
3c' Ci16H21N30>S | 319.42 4 3 0 YES
ad' Ci3H1sN4S 262.37 3 3 1 YES
3e' C13H17N3OS | 263.36 3 3 1 YES
3f’ Ci19H21N3S 323.46 3 3 1 YES
3g' C15H15NsS 297.38 2 3 0 YES
3h' C19H2:N3OS | 339.45 4 3 0 YES
3i' C17H17NsS 295.4 2 1 0 YES
3’ C17H16N4O2S | 340.40 4 3 1 YES




4.4 Conclusion

Benzothiazoles are a diverse group of synthetic compounds with a broad spectrum of
pharmacological effects. Some of their derivatives have shown promise in fighting cancer at
various stages of its development. Specifically, a synthesized derivative called 2-(4-(pyrimidin-
2-yl) piperazin-1-yl) benzo[d]thiazole has displayed impressive effectiveness against the C4-2
cancer cell line. These promising results have inspired the development of small molecules for
cancer therapy. Moreover, this derivative has successfully reduced the expression of several
genes associated with androgen response, such as AR, EAF2, ELL2, PSA, and CALR, in
castration-resistant prostate cancer cells in laboratory settings. Computational analyses have
indicated that compound 3g has the highest binding affinity for the AR protein, making it a
potential lead candidate with favorable pharmaco-kinetic properties. Molecular dynamics
simulations have verified the stability of both the protein and the ligand during interactions.
Calculations of binding free energy have shown a significant binding affinity between the
ligand and the protein (AG) of -77.35 kcal/mol. Principal component analysis has demonstrated
a stable and converged structure, suggesting the potential of these compounds as a viable

treatment option for prostate cancer.
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Design, Synthesis, In-vitro anti-tumor
activity, and Computational study of
Benzothiazole Derived Schiff Bases




5.1 Introduction

Schiff bases, also referred to as azomethines or imines, structurally mimic ketones or
aldehydes, replacing the carbonyl group with an imine or azomethine group [221]. Schiff bases
are widely recognized as crucial organic building blocks, playing a significant role in several
fields such as pharmacology, biochemistry, inorganic chemistry, and analytical chemistry.
They exhibit diverse pharmacological properties, serving as antioxidants, anthelmintics,
antitubercular agents, anti-inflammatory substances, anticancer compounds, antimicrobials,
anticonvulsants, and more [222-224]. The functional sites within cellular components are
believed to engage with the nitrogen atom of azomethine through the formation of hydrogen
bonds, disrupting normal cellular processes [225, 226]. This interference leads to the
impairment of enzyme functioning in cancer cells, highlighting schiff bases as suitable
candidates for the development of anticancer chemotherapeutics [227]. The observed activities
can be attributed predominantly to the presence of the azomethine (-N=CH-) or imine group
[228]. This component plays a pivotal role in understanding the mechanisms of a number
reactions within a biological system, particularly those related to transformation reactions
[229]. Several research studies have highlighted the significant chemical and biological
relevance of the unshared pair of electrons available in the sp?-hybridized orbital associated
with the N atom within the azomethine group. This lone pair plays a crucial role in disrupting
regular cellular functions through the development of hydrogen bonds among the active centers
of cellular components and the sp-hybridized nitrogen atom present in the azomethine group
[230]. Schiff bases, possessing this distinctive feature, demonstrate diverse applications such
as catalysts [231], organic synthesis intermediates [232], dyes [233], pigments [234], polymer
stabilizers [235], and corrosion inhibitors [236].

In our recent investigation, our focus was on synthesizing Schiff base derivatives that
incorporate a distinct type of heterocycle — benzothiazole. Benzothiazole, a five-membered
highly polar aromatic heterocycle, holds significance in both synthetic and natural molecules
[237]. Due to its unique electron-rich characteristics, the benzothiazole ring readily forms
diverse weak interactions such as coordination, ion-dipole, van der Waals forces, p-p stacking,
and hydrophobic interactions [238]. This enables thiazole to bind effectively with various target
enzymes in biological systems, showcasing broad bioactivities. Therefore, we opted to use
benzothiazole as the initial heterocyclic core for constructing the desired Schiff bases,
incorporating an intermediate thiazole entity [239]. This approach serves as a versatile strategy

for developing potential anticancer chemotherapeutics [240-242]. Subsequently, various N, S,



and O-based heterocycles were introduced to the Schiff base structure. These heterocyclic
compounds are known for playing significant roles as antibacterial agents [243], antivirals
[244], antifungals [245], anti-inflammatories [246], and antitumor drugs [247-249].

Heterocycles serve as a prevalent structural motif in many widely-used drugs [250-
252]. Therefore, our focus is on developing multiheterocyclic systems for evaluation of their
in vitro anticancer potential, considering the substantial global impact of cancer on both
developed and developing nations [253]. With over 100 types of cancer, causing 8.2 million
annual deaths and contributing to approximately 13% of global mortality, there is a pressing
need to address this health challenge, especially with an anticipated 70% increase in new cancer
cases over the next two decades [254]. In our efforts to identify chemical compounds with
potential as leads for novel antitumor agents, we specifically target sulfur and nitrogen
containing heterocyclic compounds [255, 256]. Notably, we have observed similar structures
in the literature with Schiff bases attached to the 2-aminothiazole nucleus, demonstrating
interesting pharmacological effects [257-259]. Consequently, our objective is to synthesize
Schiff base derivatives that incorporate diverse heterocyclic building blocks, aiming to produce

compounds with significant potential for anticancer effects.

5.2 Materials and methods
5.2.1 Instruments

Solvents and chemicals were procured from Sigma Aldrich and utilized without additional
purification. M.P’s were measured in degrees Celsius using the open-end capillary method. *H
and 3C-NMR analyses were conducted on Bruker 500 (400 MHz) instrument with TMS as a
reference standard and DMSO as solvent. Chemical reactions were monitored using E-Merck
aluminum TLC sheets (60 F 254, 0.2 mm thick, 20 x 20 cm,) precoated with silica gel and a
UV chamber (366 and 254 nm) for spot detection. Column chromatography was conducted
employing Merck silica gel with a particle size of 60-120 mesh. Fetal bovine serum (FBS),
RPMI 1640 medium (Catalogue no. 11875-093), L-glutamine (Catalogue no. 25030081),
PenStrep (Catalogue no. 15240062), and trypsin (Cat no. 25200056) were sourced from
Gibco/Life Technology. A-549 and normal cell line (HEK293T) were obtained from NCCS,
Pune, India. C4-2 cells were acquired from Professor Zhou Wang at the Pittsburgh University,
USA, through a Material Transfer Agreement (MTA) with M.D. Anderson Cancer Centre,
Texas, USA.

5.2.2 Synthetic Procedure



Unless specified otherwise, all the chemicals employed were of reagent grade and utilized

without any additional purification. The yields were not optimized.

5.2.2.1 Synthetic Procedure for 2-Amino-6-nitrobenzothiazole

Synthesis of 2-amino-substituted benzothiazole was carried out by employing equivalent ratios
(1: 1) of substituted p-nitro aniline and ammonium thiocyanate (NH4SCN) in ethanol.
Subsequently, the mixture underwent treatment with bromine in presence of glacial acetic acid.
Once the reaction was completed, the mixture was treated with ethyl acetate. Subsequently, the
unrefined product underwent purification through column chromatography. The confirmation
of the product's identity and purity was checked through the application of NMR and mass

spectroscopy techniques.

5.2.2.1.1 2-Amino-6-nitrobenzothiazole (3)

Yield: 81%, mp 246-249°C, *H NMR (400 MHz, DMSO-d6): & = 8.66 (s, 1H), 8.23 (s, 1H),
8.09 (d, J = 4 Hz, 1H), 7.42 (d, J = 8 Hz, 2H); 3C NMR (100 MHz, DMSO): § = 172.18,
159.15, 141.15, 132.05, 122.43, 118.12, 117.29 ESI-MS m/z: Calculated for
C7H5N302S[M+H]* 195.01, Found 195.02.

5.2.2.2 General Procedure for the synthesis of (6-nitrobenzo[5]thiazol-2-yl)-1-

phenylmethanimine derivatives

A combination of 2-Amino-6-nitrobenzothiazole (1.0 mmol) and aromatic aldehydes (1.0
mmol) was stirred and refluxed in 15 ml of ethanol for a duration of 3 hours. After the reaction
concluded, the mixture was cooled to room temperature and subsequently transferred into 50

ml of chilled water. The resulting product was filtered and subsequently dried.

5.2.2.2.1(E)-N-(6-nitrobenzo[5]thiazol-2-yl)-1-(4-nitrophenyl)methanimine (5a)

Yield: 85%, mp 175-178°C, FT-IR (KBr) cm™: 3067 (aromatic H-C stretch), 1608 (CH=N
stretch, azomethine), 1572 (C-C stretch, aromatic), 1509 (N-C, thiazole), 1147 (N-C), 685 (C-
S-C, thiazole ring); *H-NMR (400 MHz, DMSO-d6), 8, ppm: 10.15 (s, 1H), 8.67 (s, 1H), 8.41
(d, 1H, J = 8 Hz), 8.16 (d, 1H, J = 8 Hz), 8.10 (d, 2H, J = 4 Hz), 8.07 (d, 2H, J = 4 Hz). "C-
NMR (100 MHz, DMSO), &, ppm: 172.25, 159.02, 151.08, 141.14, 140.58, 132.07,
131.10(2C), 124.72(2C), 122.38, 118.08, 117.3.



5.2.2.2.2 (E)-1-(4-chlorophenyl)-N-(6-nitrobenzo[5]thiazol-2-yl)methanimine (5b)

Yield: 88%, mp 188-190°C, FT-IR (KBr) cm™: 3105 (aromatic H-C stretch), 1610 (CH=N
stretch, azomethine), 1552 (C-C stretch, aromatic), 1518 (N-C, thiazole), 760 (CI-C); *H-NMR
(400 MHz, DMSO-d6), 8, ppm: 10.07 (s, 1H), 8.52 (s, 1H), 8.37 (d, 1H, J=4 Hz), 8.14 (d, 1H,
J=8 Hz), 8.02 (d, 2H, J = 8 Hz), 7.98 (d, 2H, J = 4Hz). "C-NMR (100 MHz, DMSO), 8, ppm:
170.26, 158.35, 151.07, 143.74, 140.29, 132.81, 129.17(2C), 126.44(2C), 122.75, 118.73,
116.89.

5.2.2.2.3 (E)-4-(((6-nitrobenzo[5]thiazol-2-yl)imino)methyl)phenol (5¢)

Yield: 92%, mp 195-198°C, , FT-IR (KBr) cm™: 3325 (C-OH), 3112 (H-C stretch, aromatic),
1615 (CH=N stretch, azomethine), 1530 (C-C stretch, aromatic), 1511 (N-C, thiazole); H-
NMR (400 MHz, DMSO-d6), 6, ppm: 10.03 (s, 1H), 9.11 (s, 1H), 8.33 (s, 1H), 8.62 (d, 1H, J
— 4 Hz), 8.27 (d, 1H, J = 4 Hz), 8.08 (d, 2H, J = 8 Hz), 7.99 (d, 1H, J = 4 Hz). "C-NMR (100
MHz, DMSO), 3, ppm: 172.31, 160.05, 159.10, 150.84, 144.27, 140.91, 132.35, 128.50(2C),
126.73(2C), 122.05, 119.24.

5.2.2.2.4 (E)-N-(6-nitrobenzo[5]thiazol-2-yl)-1-(3-nitrophenyl)methanimine (5d)

Yield: 85%, mp 175-178°C, FT-IR (KBr) cm™: 3065 (H-C stretch, aromatic), 1605 (CH=N
stretch, azomethine), 1572 (C-C stretch, aromatic), 1510 (N-C, thiazole), 1153 (N-C), 680 (C-
S-C, thiazole); "H-NMR (400 MHz, DMSO-d6), 8, ppm: 10.14 (s, 1H), 8.68 (s, 1H), 8.52 (d,
1H, J= 8 Hz), 8.32 (d, 1H, J =4 Hz), 8.24 (s, 1H), 8.09 (d, 1H, /=8 Hz), 7.88 (d, 1H, /=8
Hz), 7.41 (d, 1H, J = 8 Hz). *C-NMR (100 MHz, DMSO), &, ppm: 172.25, 159.02, 148.71,
141.14, 137.61, 135.37, 128.99, 124.48(2C), 122.47, 118.14, 117.32.

5.2.2.2.5 (E)-N-(6-nitrobenzo|5]thiazol-2-yl)-1-phenylmethanimine (5e)

Yield: 80%, mp 190-193°C, 175-178°C, FT-IR (KBr) cm™: 3123 (C-H stretch, aromatic), 1640
(N=CH stretch, azomethine), 1558 (C-C stretch, aromatic), 1510 (N-C, thiazole), 1160 (N-C),
671 (C-S-C, thiazole); *H-NMR (400 MHz, DMSO-d6), 5, ppm: 9.87 (s, 1H), 8.54 (s, 1H),

8.26 (d, 1H,J=4 Hz), 8.11 (d, 1H, J= 8 Hz), 7.86-7.50 (m, 5H). "C-NMR (100 MHz, DMSO),



o, ppm: 170.91, 159.18, 150.70, 143.27, 140.00, 133.52, 127.53(2C), 126.18(2C), 120.08,
120.03.

5.2.2.2.6 2-methoxy-4-(((6-nitrobenzo[5]thiazol-2-yl)imino)methyl)phenol (5f)

Yield: 85%, mp 198-200°C, FT-IR (KBr) cm™: 3310 (OH stretch), 3100 (H-C stretch,
aromatic), 1659 (CH=N stretch, azomethine), 1530 (C-C stretch, aromatic), 1573 (C-N,

thiazole), 1170 (N-C), 685 (C-S-C, thiazole); 'H-NMR (400 MHz, DMSO-d6), 5, ppm: 10.43
(s, 1H), 9.77 (s, 1H), 9.04 (s, 1H), 8.27 (d, 1H, J = 4 Hz), 8.00 (d, 1H, J = 4 Hz), 7.59 (d, 1H,
J=8 Hz),7.38 (d, 1H, J = 4 Hz), 6.98 (s, 1H), 3.89 (s, 1H). 'C-NMR (100 MHz, DMSO), 3,
ppm: 177.98, 172.14, 168.76, 159.06, 156.27, 153.58, 148.77, 134.93, 129.18, 122.27, 119.67,
118.12, 117.29, 116.27, 56.05.

5.2.2.2.7 2-methoxy-6-(((6-nitrobenzo[5]thiazol-2-yl)imino)methyl)phenol (5g)

Yield: 86%, mp 195-198°C, FT-IR (KBr) cm™: 3210 (OH stretch), 3315 (H-C stretch,
aromatic), 1701 (CH=N stretch, azomethine), 1548 (C-C stretch, aromatic), 1570 (N-C,
thiazole), 1170 (N-C), 780 (C-S-C, thiazole); '"H-NMR (400 MHz, DMSO-d6), 5, ppm: 10.13
(s, 1H), 9.28 (s, 1H), 9.01 (s, 1H), 8.23 (d, 1H, /=4 Hz), 8.01 (d, 1H, J=4 Hz), 7.97-6.94 (m,
3H, aromatic protons), 3.77 (s, 3H). BC—NMR (100 MHz, DMSO), 8, ppm: 170.51, 169.44,

155.07, 149.20, 141.65, 135.53, 126.16, 124.51, 122.36, 121.20, 118.19, 117.24, 114.76,
110.97, 56.01

5.2.2.2.8 (E)-1-(/1,1"-biphenyl]-4-yl)-N-(6-nitrobenzo[5] thiazol-2-yl) methanimine (5h)

Yield: 85%, mp 181-185°C, FT-IR (KBr) cm™:3115 (H-C stretch, aromatic), 1650 (CH=N
stretch, azomethine), 1530 (C-C stretch, aromatic), 1560 (N-C, thiazole), 1159 (N-C), 687 (C-
S-C, thiazole); 'H-NMR (400 MHz, DMSO-d6), 5, ppm: 9.95 (s, 1H), 8.75 (d, 1H, J = 4 Hz),
8.68 (d, 1H, J =12 Hz) 8.23 (s, 1H), 8.09 (d, 2H, J = 8 Hz), 7.99 (d, 2H, J = 4Hz) 7.81-7.39
(m, 5H, aromatic protons) C-NMR (100 MHz, DMSO), &, ppm: 172.26, 158.99, 157.87,
141.84, 141.10, 138.62, 138.02, 135.85(2C), 132.05, 131.37, 129.41(2C), 122.48(2C), 118.54,
118.15(2C), 117.33, 103.99.



5.2.2.2.9 (E)-1-(4-(1H-indol-2-yl)phenyl)-N-(6-nitrobenzo[5] thiazol-2-yl)methanimine (5i)

Yield: 87%, mp 176-180°C, FT-IR (KBr) cm™:3381(N-H stretch), 3250 (H-C stretch,
aromatic), 1695 (CH=N stretch, azomethine), 1531 (C-C stretch, aromatic), 1564 (N-C,
thiazole), 1150 (N-C), 705 (C-S-C, thiazole); '"H-NMR (400 MHz, DMSO-d6), 6, ppm: 12.27
(s, 1H), 9.22 (s, 1H), 8.39 (d, 2H, J 8Hz), 8.30, (s, 1H), 7.78 (d, 1H, J 12Hz), 7.53 (d, 1H, J
12Hz), 7.46 (d, 2H, J 4Hz), 7.56, 7.37-7.23 (m, 4H, aromatic protons), 6.86 (s, 1H) C-NMR

(100 MHz, DMSO), o, ppm: 172.70, 161.56, 151.34, 139.06, 138.03, 133.55, 131.80, 127.21,
126.56, 1254.04, 124.74, 124.16(2C), 122.53(2C), 121.25, 121.06, 119.86, 114.90, 113.02.

5.2.2.2.10 (E)-N-(6-nitrobenzo[5] thiazol-2-yl)-1-(p-tolyl)methanimine (5j)

Yield: 79%, mp 110-113°C, FT-IR (KBr) cm™:3250 (H-C stretch, aromatic), 1681 (CH=N
stretch, azomethine), 1530 (C-C stretch, aromatic), 1550 (N-C, thiazole), 1160 (N-C), 750 (C-
S-C, thiazole); 'H NMR spectrum (400 MHz, DMSO-d6), 5, ppm: 8.92 (s, 1H), 8.75 (s, 1H),
8.67 (d, 2H, J = 4 Hz), 8.09 (d, 2H, J = 8 Hz), 7.41 (d, 2H, J = 4 Hz), 2.51 (s, 3H). C-NMR
(100 MHz, DMSO), o, ppm: 172.24, 159.05, 141.14, 132.04, 130.01, 122.43, 119.32,
118.39(2), 118.11, 117.29 (2C), 21.81.

5.2.3 Bioassay

The A-549 cancer cell line and the (HEK293T) normal cell line were sourced from NCCS
Pune. C4-2 cells were obtained from Prof. Zhou Wang at the University of Pittsburgh, Texas,
USA, under a Material Transfer Agreement (MTA) with MDA Cancer Centre, USA. Both cell
lines were regularly cultured in RPMI media supplemented with 1% L-glutamine,10% FBS,
and 100g/ml streptomycin-penicillin. The cultures were kept in a 5% CO2 atmosphere and
incubated at 37°C.

5.2.3.1 MTT Assay

The MTT assay serves as a colorimetric technique to gauge cellular metabolic activity,
frequently employed for evaluating cell viability and proliferation. In this study, the MTT
method was utilized to appraise the influence of compounds (5a-5j) on cell viability within

both cancer cell lines (A549, C4-2). The most promising compound was subsequently assessed



against the normal human embryonic kidney cell line (HEK293T). The cells were set up in 96-
well, each well containing a total volume of 100 ul/well to evaluate the compounds. The cells
were cultured and incubated for the proper amount of time—typically 24-48 hours prior to
treatment. The cells were subjected to treatment with compounds 5a-5j at different
concentrations and incubated for 24hrs. Final concentration pertaining to 5 mg/ml was reached
by adding 10 pl of MTT solution in each well and the MTT-treated cells were placed in an
incubator for a duration of 4 hours at 37°C. For the dissolution of formazan crystals, 100 ul of
solubilization (DMSO) solution was supplied to each well. Using an ELISA reader, the
absorbance of the colored solution was measured at a wavelength of 563 nm. Data was analyzed

using Graphpad Prism 8.0.
5.2.3.2 CFU assay

Colony formation assay was employed for quantitative in vitro assessment to explore whether
asingle cell could give rise to a substantial colony through clonal growth in presence of varying
concentrations of the compound that exhibited the most promising results in the MTT
experiment. C4-2 cells were seeded in six-well dishes and allowed to grow until reaching 70-
80% confluence. Upon reaching confluence, cells were treated with various concentrations of
compound 5i (10, 20, 30, 40, and 50 pM) as well as a DMSO control, followed by a 48-hour
incubation period. Subsequently, equal numbers of cells from both control and treated wells
were transferred to 10 cm dishes to develop into colonies over a period of 3 to 5 days. After
colony formation, the media was aspirated, and 100% methanol was incorporated into the cells,
which were then kept in an incubator for 20 minutes at room temperature. Following methanol
removal, cells underwent mild rinsing with tap water and covered with a crystal violet solution,
incubating for five minutes at room temperature. Excess color was eliminated by rinsing the
cells with water. The plates were inverted and air-dried overnight on tissue paper. Cell counting
was performed using ImageJ software. The trial was conducted three times in triplicates, and
statistical analysis was carried out using t-tests and the Kruskal-Wallis test in GraphPad Prism

8.0. Significance was attributed to P values below 0.05.
5.2.3.3 Wound Healing Assay

C4-2 cells were cultivated in a monolayer within 6-well plates. When the monolayer reached
70-80% confluency, the culture medium was removed, and a sterile 200 pl pipette tip was
employed to gently create a linear scratch across the middle of the monolayer. After rinsing the

isolated cells with PBS, new RPMI medium augmented with 1% PenStrep, 1% L-glutamine,



and 10%FBS was added to the scratched wells. Bright field images capturing the cellular gap
were taken using an LMI inverted microscope before the introduction of compound 5i.
Subsequently, 5i was applied to the cells at a concentration of 16.50 puM, with DMSO serving
as the vehicle control. Following treatment, the well plates were placed in an incubator with
5% CO2 at 37°C, and the gap width of the scratch was monitored by periodically capturing
bright field 1images after 0, 24, and 48 hours. The ImageJ programme
(http://rsb.info.nih.gov/ij/download.html) was utilized for the quantitative assessment of the

scratch wound diameter. Using GraphPad Prism 8.0, the cellular gap distance was
quantitatively analyzed as a proportion of the wound area. Significance was determined at *P
< 0.05.

5.2.3.4 RNA Isolation, PCR amplification, and quantitative Real-Time expression
analysis (RT-PCR)

C4-2 cells were cultured in 10 cm dishes for a duration of two days. Cells at 70-80% confluency
were subjected to treatment with either 16.50 pM of compound 5i or DMSO and were then
incubated for 24 hours. Total cellular RNA was extracted from the C4-2 cancer cell line using
Trizol (Thermo Scientific), adhering to the manufacturer's guidelines. The isolated RNA
underwent gel electrophoresis for quality assessment, and cDNA was synthesized using
MMLYV reverse transcriptase (Gibco). The success of cDNA synthesis was confirmed using
GAPDH primers. RT-PCR (Biorad) was employed to evaluate the relative expression of
various genes, including vimentin, COX-2, 118, 111-a, 111-B, 116, and TNF-a, in the C4-2 cancer
cell line. SYBR® gPCR mixture (Kapa) and specific primers designed for C4-2 cells, with
GAPDH serving as the normalizing control, were used in the PCR reaction.

5.2.3.5 Molecular Docking study

The study focused on investigating how synthesized compounds interacted with the androgen
receptor (AR). The AutoDock 4 tool was employed to identify the AR as the target protein. A
scoring function based on energy was utilized to evaluate the binding affinity of the ligands to
the androgen receptor (PDB ID: 2PNU), derived from the Protein Data Bank (www.rcsb.org).
AutoGrid was utilised to create a grid map representing docking sites for the proteins, with a
grid size of 60x60x60 points in each dimension. The grid points' spacing was set at 0.375, and
Gasteiger charges were calculated using AutoDock tools. Following the docking procedure,

RMSD clustering maps were created using thresholds of 0.25, 0.5, and 1 to identify the optimal


http://rsb.info.nih.gov/ij/download.html

cluster with the highest population and the lowest energy score. Molecular docking studies
were subsequently conducted using tools in Discovery Studio v2.5 to analyze receptor-ligand

interactions.
5.2.3.6 ADME and drug alikeness property

The Lipinski Rules, also known as the Rule of Five (ROF), provide a practical framework for
assessing the drug alikeness of any compound and determining its potential efficacy as an
orally-administered drug based on key pharmacokinetic properties such as absorption,
distribution, metabolism, and excretion (ADME). These rules consider specific
physicochemical attributes, including a molecular weight (MW) of no more than 500 Da, a
logarithm of the partition coefficient (logP) of no more than 5, a limit of five hydrogen bond
donors (HBD), and ten hydrogen bond acceptors (HBA). The SwissADME software was
employed to evaluate the ADME properties of constituents, and compounds were classified as
active if their oral bioavailability (OB) was equal to or greater than 30. Constituents meeting

fewer than three criteria were categorized as inactive.
5.2.3.7 Statistical analysis

ImageJ software was utilized to quantify colony-forming units (CFU) and conduct wound
healing assays. Graphical representation as well as statistical analysis were conducted using
Graphpad prism 8.0 (Graphpad Software, Inc.). The data were presented as mean + SEM, and
statistical significance was assessed using One-way ANOVA or the student t-test, as deemed
appropriate. A significance threshold of *P < 0.05 was contemplated. The assessment of

colony-forming units and wound healing assays involved the application of ImageJ software.

5.3 Results & Discussion
5.3.1 Synthesis and charcterization

The title compounds 5a-5j were synthesized using the procedure outlined in Scheme 5.1. The
structures of these compounds (Table 5.1) were confirmed through Fourier transform infrared
spectroscopy FT-IR, *H NMR, and *C NMR analyses.
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Table 5.1. List of synthesized benzothiazole-schiff bases
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Zz=0

Ly

1. o

w N
3 0
2\
i\o o

=0

(o))
/ I @)
o O o \
=
S S’

\,
/
o
i\
o

o
I

oo
\
@]

(o]
Y
Y
(@)

Iz

Product 5(a-j)

0 O
_NT S N6-
0 N"Nv©

- 19]+ Cl
NI

ch)ﬁ OH
NN LT
N

0. OCH;
N Sne OH
N H

HO OCH;
- NJr S
0] .
I rNe

0 J
-~ N s
o (:[»—N\
N
Y,

Ferp 0

0
-~NZ s
Ao
N

m.p.

175-178°C

188-190°C

190-193°C

198-200°C

190-193°C

198-200°C

195-198°C

181-185°C

176-180°C

110-113°C

Yield(%)

85%

88%

92%

85%

80%

85%

86%

85%

87%

79%



5.3.1.1 Reaction Mechanism

The process of imine formation is a reversible sequence initiated by nucleophilic addition to
carbonyl group of either an aldehyde or a ketone by primary amine. Following this, a proton
transfer occurs, resulting in the formation of a neutral amino alcohol called carbinolamine. The
carbinolamine undergoes acid protonation at its oxygen atom, leading to the conversion of the
oxygen into a more effective leaving group. This leaving group is then eliminated as water,
leading to the formation of an iminium ion. The final step involves deprotonation of the
nitrogen atom, ultimately yielding the desired imine product (Scheme 5.2). The entire process
is reversible, and the imine can potentially revert back to the starting materials under
appropriate conditions.
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Scheme 5.2. Mechanism of benzothiazole schiff base (5a-5j) formation

53.2 MTT assay demonstrates pronounced cytotoxic effects of the synthesized
compounds on various cell lines.

In the cytotoxicity assessment, A-549 and C4-2 cancer cells were subjected to testing with a
range of synthesized substituted benzothiazole derivatives at various concentrations using
DMSO as control. The cytotoxicity results revealed that all compounds exhibited moderate to
substantial inhibitory effects on prostate cancer cells. Notably, compound 5i demonstrated
comparatively higher cytotoxicity against C4-2 cell lines, as highlighted in Figure 5.1.
Analyzing the SAR of these compounds provides insights into how modifications to the
molecular structure can enhance their anticancer properties. This SAR analysis is crucial for

comprehending the mechanisms underlying the anticancer effects of thiazole. Firstly, the



thiazole skeleton was identified as vital for anticancer efficacy and introduction of
pharmacophophores like indole further enhanced the activity. Presence of a benzyl or an alkyl
group enhances the activity, whereas groups like OH and CI generally exert a slightly
diminishing effect. Similar reports wherein the anticancer activity was affected by the existence
of an alkyl groupat the C-6 position of benzothiazole ring, substitutions at meta and para
positions with electron-withdrawing atoms such as fluorine were reported leading to an

enhancement in the inhibitory potency of benzothiazole moiety [260, 261].
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Moreover, compound 5i exhibited no adverse effects on HEK293T normal cells
(Figure 5.2), suggesting its specific targeting of cancerous cells without affecting normal cell
lines. Among the tested compounds, 5i emerged as the most potent agent, displaying significant
cytotoxicity against C4-2 cancer cells while causing minimal harm to normal cells.

Consequently, it was chosen for further evaluation.
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Fig. 5.2. Cytotoxicity test of 5i by MTT assay against HEK293T cell line

5.3.3 The Colony Formation Unit assay reveals a dose dependent reduction in cellular

growth in vitro

The colony formation experiment was conducted using five concentrations (10, 20, 30, 40, 50
UM) to investigate the impact of 5i on suppressing growth and cellular progression in lung
cancer cells. DMSO served as the vehicle control. C4-2 prostate cancer cells exhibited a
decrease in colony-forming capacity in a dose-dependent manner in response to 5i (Figure
5.3a, b). As the concentration increased, cell proliferation significantly decreased, reaching
50% inhibition at 16.50uM in C4-2 cells.
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Fig. 5.3. Inhibition of colony formation by compound 5i in a dose dependent manner

@ Impact of 3c on the ability of C4-2 cancer cells to form colonies after exposure to 5i at
various doses (10, 20, 30, 40 and 50 puM)

(b) Graphical visualization of dose dependent suppression of CFU in C4-2 cells in vitro.
The experiment was performed in triplicates and quantification and imaging was
conducted using ImageJ software and Graphpad prism 8.0 and *P < 0.0001 was taken
as significant. Visualization of the dose-dependent suppression of CFU in A549 cells in
vitro. The experiment was performed in triplicate, and *P < 0.0001 was regarded
significant.

5.3.4 Compound 5i suppresses wound healing/ cell migration in vitro

The assay results demonstrated that the compound effectively reduced the migration of C4-2
cells in a time dependent manner. The width of the cell gap was assessed at various time
intervals (0, 24, and 48 hours post treatment) using ImageJ software (NIH) (Fig. 5.4(a)).
Quantification of the wound area (Fig. 5.4(b)) and the closure of the wound gap (Fig. 5.4(c))
was carried out using ImageJ software, with the experiment conducted in triplicate. GraphPad
Prism 8.0 was used for data analysis, and statistical significance was indicated by *P < 0.0001.
These results suggest a significant inhibitory impact of compound 5i on the processes of wound
healing and cellular migration in the C4-2 cell line over the observed time period.
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Fig. 5.4. Suppression of cellular migration in C4-2 cancer cells upon treatment with compound
5i in a time dependent manner

(@) Confluent C4-2 cells upon treatment with 5i (16.50 uM) after 48 hrs of wounding the
cell monolayer using a sterilized pipette tip. Gap widths were evaluated after imaging
cells at 0, 24, and 48 hours following treatment.

(b) Representative images demonstrated suppression of wound healing in C4-2 cells upon
treatment with 5i as compared to control DMSO.

(c) Representative image showing wound closure in 5i treated C4-2 cells

Gap closure was evaluated using ImageJ software and the test was carried out in triplicates and
quantified utilising Graphpad prism 8.0 software. *P < 0.0001 was deemed to be significant.

5.3.5 Compound 5i reduces expression of androgen responsive genes

Androgens are well-established contributors to the growth and progression of prostate cancer,
with the androgen-responsive pathway serving as a key indicator for monitoring prostate cancer
advancement in humans. This study focused on examining the impact of the compound (E)-1-
(4-(1H-indol-2-yl)phenyl)-N-(6-nitrobenzo[d]thiazol-2-yl)methanimine on the expression of
androgen receptor (AR) target genes in C4-2 cancer cell line through RT-PCR. The study's
outcomes revealed that the tested compound effectively lessened the expression of PSA and
AR in C4-2 cells in vitro. These findings suggest that the compound may possess the ability to



impede the basal transcriptional activity of AR (Figure 5.5). The gene expression data were
normalized using GAPDH (glyceraldehyde-3-phosphate dehydrogenase), and statistical
examination was conducted using Graphpad Prism 8.0, with significance denoted as *P <
0.0001.
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Fig. 5.5. Realtime gene expression of AR responsive genes following treatment with 5i (16.50
p1M) and DMSO as vehicle control

5.3.6 Analysis of Molecular Docking

AutoDock was used to evaluate the binding energy of compound 3g in the active site of the
AR protein target. The interaction between the protein and 5i was reinforced by the
establishment of several hydrogen bonds and stacking interactions with crucial residues of the
protein. The docking analysis revealed that the affinity between AR and 5i was the most
substantial, registering a score of -10.59 kcal/mol. 2D representations illustrating the inter-
molecular interactions between the docked compounds (5a-5j) and the target protein were
generated (Figure 5.6). Notably, specific amino acid residues, including GLU(681), LYS(804),
PRO(682), ALA(748), LEU(744), GLN(711), PHE(784), MET(745), MET(749), TRP(741),
MET(742), LEU(873), MET(780), PHE(876), LEU(701), GLY(708),SLEU(704), ARG(752)
(Table 5.2), played a crucial role in facilitating the docking of compound 5i to the AR target

protein.



Table 5.2. Energy binding score of the compound 5i (kcal/mol) against various protein targets

Compound

Amino acid residues

Energy binding
score
(kcal/mol)

Sa

PHE(764), ARG(752),ALA(748),LEU(744), MET(745),

VAL(746), LEU(880), TRP(741), MET(742), MET(780),

THR(877), LEU(873), LEU(873), PHE(876), ASN(705),

LEU(701), VAL(889), GLY(708), PHE(891), MET(749),
LEU(704), GLN (711)

-9.32

Sb

PRO(766), TYR(763), VAL(684), VAL(715), GLY(683),
GLN(711), MET(745), ALA(748), ARG(752), VAL(685),
HIS(714), PRO(682), LEU(744), TRP(718), LYS(808)

-9.76

Sc

MET(745), ALA(748), LEU(707), PHE(764), ARG(752),
VAL(746), GLY(708), MET(749), TRP(741)GLN(711),
LEU(701), LEU(704), MET(780), LEU(880),
ASN(705),PHE(705), THR(877), PHE(891)

-9.74

S5d

LEU(712), MET(895), ILE(898), ILE(899), LEU(704),
LEU(880), PHE(876), PHE(891), THR(877), LEU(701),
LEU(873), MET(742), ILE(737)
GLN(738),ASN(705), TRP(741)

-9.91

Se

ALA(748), VAL(746), ARG(752), LEU(707), PHE(764),

MET(749) GLY(708), GLN(711), LEU(704),ASN(705),

PHE(891), THR(877), LEU(880), MET(780), VAL(746),
MET(745), LEU(701)

-10.08

5t

GLN(711), MET(749), LEU(707), ARG(752),
MET(780), LEU(880), LEU(873), THR(877), PHE(891),
LEU(701), ASN(705), MET(742), LEU(704), TRP(741),

VAL(746), MET(745),MET(787), PHE(764)

-9.97

Sg

GLN(711), MET(749),ARG(752), PHE(764), MET(787),

MET(742),MET(780),1LE(899), PHE(891), THR(877),

LEU(704),LEU(701), LEU(873), ASN(705), TRP(741),
MET(745), LEU(707)

-9.45

5h

GLY(683), PRO(682), GLU(681), LYS(808), ALA(748),
MET(745), GLN(711), LEU(744), ARG(752),
GLY(708),LEU(707)PHE(764), MET(780),LEU(701),
LEU9704),PRO(682)

-10.02

Si

GLU(681), LYS(804), PRO(682), ALA(748),
LEU(744), GLN(711), PHE(784), MET(745),
MET(749), TRP(741), MET(742), MET(780),
PHE(876), LEU(701), GLY(708),SLEU(704),

ARG(752), LEU9873)

-10.59

Sj

VAL(684), TYR(763), ALA(748), VAL(685), GLY(683),
PRO(682), ARG(752), MET(745), GLU(681),
LEU(744), TRP(718), HIS(714), VAL(715), GLN(711),
LYS(808)

-9.85
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Fig. 5.6. 2D representation involving binding interactions between synthesized compounds
(5a-5j) and AR protein binding site.
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5.3.7 ADME and drug-alikeness analysis

The active compounds underwent an assessment of their ADME .properties using
SwissADME. This tool predicts various physicochemical attributes, including molecular
weight, solubility, and the count of hydrogen bonds donated and/or accepted to water molecules
in the medium. These parameters, constituting the Lipinski Rule of Five, serve as criteria for
evaluating a molecule's drug-like characteristics and predicting its pharmacokinetics in living
organisms. The findings indicated that each compound demonstrated promising potential as a
candidate for medication, aligning with the acceptable values stipulated by Lipinski's rule
(Table 5.3).

Table 5.3: ADME characteristics and drug alikeness properties of the screened molecules

5a C14HgN40O4S 328.3 4 6 0 YES
5b C14HsCIN30-2S 317.5 3 4 0 YES
5¢c C14H9N303S 299.3 3 5 1 YES
5d C14HgN40O4S 328.3 4 6 0 YES
5e C14H9oN302S 283.3 3 4 0 YES
5f C15H11N304S 329.3 4 6 1 YES
59 C15H11N304S 329.3 4 6 1 YES
5h C20H13N302S 359.4 4 4 0 YES
5i C22H14N40,S 398.4 4 4 1 YES
5j C15H11N302S 297.3 3 4 0 YES
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5.4 Conclusion

Benzothiazoles constitute a diverse class of synthetic compounds renowned for their broad
spectrum of pharmacological effects. Some derivatives incorporating various
phenyl/heterocyclic moieties with an imine linkage linkage this class have exhibited promising
anti-cancer properties across various stages of cancer development. Notably, a synthesized
derivative, (E)-1-(4-(1H-indol-2-yl) phenyl)-N-(6-nitrobenzo[d]thiazol-2-yl)methanimine, has
demonstrated remarkable efficacy against the C4-2 cancer cell line, fueling enthusiasm for the
exploration of small molecules in cancer therapy. Additionally, this derivative has effectively
downregulated the expression of key genes associated with androgen response in castration-
resistant prostate cancer cells in laboratory experiments. In the computational realm, analyses
have identified compound (E)-1-(4-(1H-indol-2-yl) phenyl)-N-(6-nitrobenzo[d]thiazol-2-
yl)methanimine as exhibiting the highest binding affinity for the AR protein, marking it as a

potential lead candidate with favorable pharmacokinetic properties.



REPRESENTATIVE SPECTRA

o (3)

New folder (2)
BAG-1

8.66
/8 23
8.10
8.09
7.43
7.41

<

12000
k11000
10000
J{ 9000
- * g 8000

Nl}_ NH; 7000
F6000
5000
4000
3000
2000

1000

1.004
218,
o 4 1.16=
1.14=

r-1000

. . . . . . . . . . .
6
f1 (ppm)

New folder (2)

BAG-1 4500

172.18

159.15
—141.15
—132.05
_122.43
11812
117.29

4000

3500

3000

2500

2000

' 1500

1000

500

210 200 190 180 170 160 150 140 130 120 110f %00 ) 90 80 70 60 50 40 30 20 10 0 -10
1 (ppm

148



o (5a)

20220621-MAB-C

—10.15

F8E+07

F7E+07

F6E+07

F6E+07

F6E+07

F5E+07

F4E+07

F4E+07

F4E+07

F3E+07

F2E+07

F2E+07

F2E+07

F1E+07

F5E+06

F-5E+06

20220621-MAB-C

—172.25
—159.02

—151.08
141,14
“-140.58
13110
124.72
12238
118,08
117,33

i

T T T T
210 200 190 180 170 160

T T T T T T T T T T T T
150 140 130 120 110 100 90 80 70 60 S0 40
f1 (ppm)

149

-10

F1E+08

1E+08

1E+08

9E+07

8E+07

F7E+07

F6E+07

[SE+07

F4E+07

F3E+07

F2E+07

r1E+07

r1E+07



©)

o

(5d)

20220620-mab-b

r8.68
8.53
8,51
8.33
8,32
8.24
8.10
8.08
7.89
7.87
7.42
7.40

i

—10.14

F6E+07

[5E+07

F4E+07

[4E+07

[4E+07

F3E+07

F2E+07

2E+07

2E+07

1E+07

["5E+06

\
-~
1334

,
;
;

1.00=
1.41
0.72
1.46
1.04
1.36
0.96

ro

~-5E+06

-
=
—
«
-
=
—
@
-
=)
-
=
-
=1
)

6
f1 (ppm)

20220620-mab-b

—172.25
-—159.02
148,71
141.14
137,61
13537
132.02
13140
124 .48
122,47
118,14
117.32

A
I
}
X

(=]

7
B
o

T T T T T T T T T T T T T T
210 200 1%0 180 170 160 150 140 130 120 110 100 g0 80

1 (ppm)

150

70

T
60

F2E+08

F1E+08

r1E+08

~1E+08

F1E+08

F1E+08

F9E+07

FBE+07

~7E+07

FGE+07

F5E+07

F4E+07

F3E+07

F2E+07

F1E+07

o

F-1E+07




o (5f)

fid m
BAG-VI s R 280C8ZREARR @ F3e+08
S ¢ CodwwNeNNG o
| N e e
F3e+os
F3E+08
L t2e+08
Ilﬁ\ [ ‘|‘r‘|||
/
( F2E+08
[ A N N
F-2E+08
F2E+08
F2E+08
F1E+08
F1E+08
F1E+08
f-ae+o7
F6E+07
1
!
| F4E+07
F2e+07
(. ro
T T Py Y
8 K ¢ 35Igs 2 b2e+07
— o — —_ o 31
T T T T T T T T T T T T T T T T T
16 15 14 13 12 11 10 9 8 7, ( 6 ) 3 2 -1 2 3
1 (ppm
fid o % 0 W00 [ A T
G OninR @ Hcig =R i
BAG-VI ool 30 Mmoo < gl o 0 <
ERE RERY RANZESZ 8 Leero7
[ VA s 1
H6E+07
HO, F5E+07
° (o}
u // L4E+07
L s, “H
o | I : VA FaE+07
N
/ 7
4E+07
F3e+o7
‘I
I
I L2E+07
F2E+07
1
]
i F2E+07
. I HE+07
. ' FSE+06
A N PRI ) I ) J . Lo
-5E+06
r T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -0

f1 (ppm)

151



o (5h)
New folder HEKENSESEE B8RSR
sz o 3 o 09 0 oD 0D g2 D KN M M M M M KR RN
| e FiE+08
| F1E+08
|
‘/ F1E+08
)
[ FoE+07
Joorlily
A
o J Lse+07
i N
s /( j/
LIN/}'\ ~ L7e+07
F6E+07
Fse+o7
| , FaE+07
1
1
F3e+07
F2e+07
L1407
A Fo
o pree
o daenna
8 B
=t Sodnaw F-1E+07
T T T T T T T : T T T T T T T T T T T T
1 15 14 13 12 11 10 9 8 6 3 2 1 0 -1 2 3
f1 (ppm)
lews folder w0 O T OMNWWNES®YWmO
K2 & ok @HeomonTn-AES
E Havvﬁﬁﬁﬁmaﬂaﬂﬁg
qn L raaa8aiydssnsg
NOTESA e e | 1E+08
F9E+07
8E+07
o LTE+07
e
_L
N ~6E+07
FSE+07
| 4E+07
F3E+07
! F2EH07
|
F1E+07
+0
~-1E+07
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 S50 40 30 20 10 0 -10

f1 (ppm)

152



o (5i)

New folder (2)
BAG-S

e

5 I 1

ri AERRER A e MMM ESE TS

o LSS IS IS IET IS 3
LR il =

i
|

L

— B J ‘\J o I — " S e
T T AT
T mEmnTND
&« ddoarmgh
S MooomNTa
T e e e A S e o e L B e m e L
16 15 14 12 11 10 9 ] 7 [ 5 4 3 -1 -2 -3
f1{ppm)
New folder (2} o 0 TOUMWO AW T TOMN YW O
~ in hooh@rNloR—=NNS®R TS
BAG-3 I = SO @M AN O T TSSO T M
~ e MMM mme ool ool Pl o
= 1 EAJL R R S L J o s g i
I | T SR e
|
1
I
1
1
I
1
- I ” " I
y ul y " iy
T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 10 0 -10

f1 (ppm)

153

F1E+HIE

1E+08

r1E+08

F1E+08

1E+IE

FEEHIT

FBE+HIT

r7EHO7

HEE+OT

FSE+HIT

F4EHIT

FIEHIT

2E+07

F1E+07

F4E+07

F4E+07

F3E+07

F2E+07

F2E+07

F2E+07

r1E+07

r5E+06

0




Future Scope




6.1 Introduction

The thiazole group plays a significant role in drug design due to its frequent presence in the
chemical structures of numerous natural substances and bioactive compounds (Figure 6.1).
Examples include thiamine, certain antibiotic drugs such as penicillin and micrococcin, as well
as various metabolic products derived from fungi and primitive marine animals. Piperzinyl-
thiazole scaffolds hold significance in various medical and pharmaceutical contexts,
demonstrating efficacy as potent antiviral and anti-inflammatory agents, AChE inhibitors,
antimicrobials, and EP1 receptor antagonists [262, 263]. Building upon these insights and our
ongoing research on diverse five-membered heterocycles and structural studies, we have
developed novel derivatives incorporating piperazinyl-thiazole moieties. Similarly, the
inclusion of the 2,3-dihydro-1,3- thiazine ring within cephalosporin piques interest in the

synthesis and subsequent biological assessment of the thiazine system.
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Figure 6.1: An overview of diverse pharmacological properties of thiazole ring
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The future of research in heterocyclic chemistry, particularly focusing on benzothiazole and
benzothiazine derivatives, holds significant promise and potential. Building on the insights

gained from the current study, several avenues for future research can be envisioned:

6.2 Development of metal complexes containing thiazole/thiazines as chelating

agents

A novel pyridine thiazole derivative, 4-(pyridin-4-yl)-2-(2-(pyridin-2-yl-methylene)
hydrazinyl) thiazole, was synthesized through cyclization has been reported. Subsequently,
complexes [Zn(L)2(TsO)2]2DMF 1 and {[Cd(L)(NO3)2H20)]DMF}n 2 were formed by
coordinating the ligand with Zn(Ts0O)2 and Cd(NO3)2, respectively. The resulting compounds
were characterized using various techniques such as NMR, elemental analysis, IR
spectroscopy, and single-crystal X-ray diffraction [264]. The study suggests promising
applications for these complexes in the pharmaceutical field, building on the positive outcomes
observed with similar pyridine thiazole derivatives in previous research. Similar approach can
be used for metal complexation processes involving piperzinyl-thiazole entities as ligands.
Further exploration involving different coordination sites or metal salts is deemed interesting

in this context.
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Scheme 6.1: Synthesis of complexes of 4-(pyridin-4-yl)-2-(2-(pyridin-2-ylmethylene) hydrazinyl) thiazole
6.3 Development of versatile nanopaerticles of thiazole/thiazines as drug delivery
systems

Nanotechnology has introduced a new method for developing a secure and highly efficient
pesticide formulation. Thiazole-Zn, a commonly used bactericide, was effectively produced at
the nanoscale through an innovative control approach during the final synthetic procedure. The
likely formation mechanism, involving restricted particle aggregation within a nano-reactor,
was explained. Subsequently, to evaluate the practical performance of thiazole-Zn
nanoparticles, an NPF was conveniently created. Remarkably, the physicochemical
characteristics of the NPF exhibited superior characteristics compared to the commercial
pesticide formulation (CPF), specifically in terms of dispersibility, spreadability, wettability,
and stability [265].
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Scheme 6.2: Synthetic procedure for zn-thiazole nanoparticle

A synthone, specifically 3-(4-amino-phenyl)-2,3-dihydro-benzo?[1,3]thiazine derivative was
employed in the synthesis of various Schiff bases. The characterization of the synthesized
compounds was conducted using IR, NMR, and other spectrophotometric methods.
Additionally, silver nanoparticles were produced through chemical reduction and characterized
through X-Ray diffraction (XRD), FT-IR, atomic force microscope (AFM), and scanning
electron microscope (SEM). These silver nanoparticles served as a foundational nano metal for
the preparation of Schiff bases-Ag NPs derivatives. Similar approach can be devised for the

sysnthesis of synthesized N-(6-nitrobenzo?thiazol-2-yl)methanimine based Schiff bases [266].

The future of thiazine and thiazole-based derivatives in medicine is highly promising.
Ongoing research into their pharmacological properties, combined with innovative drug design
and development techniques, positions these compounds as vital candidates for new therapies
in treating various diseases, including infections, cancers, neurological disorders, and

metabolic syndromes.



Summary & Conclusion




This study highlights notable frameworks within organic chemistry, specifically focusing on
benzothiazoles and benzothiazines. These compounds serve as important scaffolds, offering
diverse opportunities for chemical exploration and synthesis. The research aims to provide a
comprehensive understanding of the structural and functional characteristics of benzothiazoles
and benzothiazines, shedding light on their potential application in anticancer research.
Through detailed analysis and elucidation, the study aims to uncover the intrinsic properties
and synthetic pathways of these compounds, thereby contributing to the advancement of
organic chemistry knowledge and the development of novel molecules with valuable
properties.

The study provides comprehensive insights into various aspects of the synthesis,
biological activities, molecular interactions, and pharmacokinetic profiles of 1,4-benzothiazine
derivatives, highlighting their potential as promising candidates for further development as
anti-cancer agents. The synthesis of 1,4-benzothiazines was achieved through a two-step
approach involving the oxidation of 2-aminobenzenethiols to disulfide, followed by
cyclocondensation with 1,3-dicarbonyls. This method was optimized to enhance product
yields, reaching up to 80-85%. Tested benzothiazine derivatives exhibited significant cytotoxic
effects against A 549 lung cancer cells, with some compounds showing higher potency, notably
compound 3c (Table 7.1). Compound 3c demonstrated dose-dependent inhibition of colony
formation in A 549 cells with 1Cso value of 25 uM. Compound 3c effectively suppressed the
migration of A 549 cells time-dependently. It also reduced the expression of pro-inflammatory
genes in A 549 cells, indicating its potential anti-inflammatory effects. Molecular docking
studies revealed strong binding affinities of compound 3c with various protein targets
implicated in inflammation and cancer, such as COX-2, IL-8, IL-1B, and TNF-a. Assessment
of pharmacokinetic attributes using SwissADME indicated that the synthesized compounds

met Lipinski's rule of five criteria, suggesting their potential suitability as drug candidates.



Table 7.1. The inhibition rates for A-549 and C4-2 in vitro (3a-3g)

Compound Inhibition rate of A-549% (uM) Inhibition rate of C4-2(%) (LM)
10 20 30 40 50 10 20 30 40 50

3a 66.52 5178 3745 2119 10.15 78.85 66.51 5497 3228 21.22

3b 60.10 49.27 33.95 17.38 342 7460 5830 49.75 25.04 10.08
3c 50.88 40.01 20.64 10.83 1.02 68.79 53.11 40.08 19.86 5.33

3d 7129 61.28 5130 3021 13.75 8142 7351 65.02 40.05 24.02
3f 7738 65.73 5436 36.75 1831 89.76 78.63 67.39 4211 2895
3e 62.31 53.71 40.66 2041 2.67 78.33 6198 51.02 29.92 891

3g 57.08 4389 27.31 1395 185 70.81 54.02 4584 2275 7.04

EF24 1141 940 6.68 217  0.65 69.88 56.89 4291 3050 9.21
Enzalutamide 59.78 51.37 44.82 2286 4.77 1534 11.06 6.05 206 1.20

The study also presents a novel method for synthesizing 2-substituted thiazoles via C-N
coupling, aiming for economic viability and environmental friendliness. This method
eliminates drawbacks associated with previous synthesis methods, such as non-recyclability,
toxicity, and high reaction temperatures. The investigation found that the desired product can
be achieved through the combination of 2-chlorobenzothiazole with a secondary amine at room
temperature and water as a solvent. Bioassay results indicate significant cytotoxic effects of
synthesized benzothiazole derivatives against prostate cancer cells (Table 7.2). Compound 3g'
exhibited the highest cytotoxicity and was chosen for further evaluation. Structure-activity
relationship analysis revealed that electron-donating groups and fusion with biologically
significant entities enhanced cytotoxic activity. CFU assay demonstrated dose-dependent
inhibition of cellular growth by compound 3g' with an ICso value of 19.45 uM, while wound
healing assay showed its ability to reduce cell migration over time. In vitro gene expression
analysis revealed that compound 3g' reduced the expression of androgen receptor (AR) target
genes in prostate cancer cells, suggesting its potential to inhibit the androgen-responsive
pathway. Molecular docking analysis indicated strong binding affinity of compound 3g' with
the AR protein target, supported by molecular dynamics simulation showing stable protein-
ligand interactions. MM-GBSA calculations further validated the stability of the 2PNU+3g'
complex, with the ligand demonstrating high binding affinity to the protein. Principal

component analysis of MD trajectories provided insights into the stochastic atomic motion



within the protein-ligand complex. ADMET analysis showed that the synthesized compounds
adhere to Lipinski's Rule of Five, indicating favorable drug-like properties for further

development as potential drugs.

Table 7.2. The inhibition rates for A-549 and C4-2 in vitro (3a'-3j")

Compound Inhibition rate of C4-2(%) (uUM) Inhibition rate of A-549(%0) (UM)

10 20 30 40 50 10 20 30 40 50
3a’ 50.12 3598 28.05 16.19 7.15 68.95 5551 4297 3298 19.22
3b' 5423 4097 3495 2298 1042 70.60 58.30 46.75 35.04 26.08
3c' 50.58 36.01 2765 1783 7.62 62.99 51.11 40.08 29.86 17.39
ad' 5529 4118 3430 2126 10.75 65.92 5411 4580 30.15 1931
3e' 4578 3464 2406 1575 6.37 59.76 4863 3739 2211 9.95
3f 59.31 49.78 38.86 2749 13.68 71.33 59.98 49.02 3992 29.31
39" 39.11 2289 1531 7.95 0.98 49.81 34.10 2597 13.75 5.04
3h' 50.65 35.67 29.66 1571 7.89 6741 5237 4198 39.60 15.88
3i' 50.88 37.01 28.64 1583 6.92 60.79 53.11 42.08 29.86 17.33
3j' 5290 39.95 30.29 20.79 9.50 64.19 5430 4508 3290 1892
Enzalutamide 11.41 8.40 568 117 0.65 69.88 56.89 4291 3050 9.21
EF24 59.78 5137 4482 2286 4.77 1534  11.06 6.05 206 1.20

Further, the studies outline the synthesis and characterization of various benzothiazole-based
compounds (5a-5j) and their evaluation for anticancer potential through cytotoxicity assays,
colony formation assays, and wound healing assays. The compounds were synthesized
following a well-defined procedure and characterized using FT-IR, H-NMR, and *C-NMR
analyses. The synthesis yielded compounds with satisfactory purity and yields ranging from
79% to 92%. The synthesized compounds were evaluated for their cytotoxic effects on cancer
cell lines (A549 and C4-2) and a normal cell line (HEK293T) using the MTT assay. Among
the tested compounds, 5i exhibited the most promising cytotoxic effects against C4-2 cancer
cells with minimal toxicity towards HEK293T normal cells (Table 7.3). This indicates its
potential as a selective anticancer agent. The colony formation assay further confirmed the

cytotoxic effects of compound 5i on C4-2 cells in a dose-dependent manner with an 1Csg value



of 18.50 uM. Treatment with 5i led to a significant reduction in colony formation ability,
suggesting its inhibitory effect on cancer cell proliferation. Compound 5i demonstrated
inhibition of cell migration in the wound healing assay. The compound effectively decreased
the closure of the wound gap in C4-2 cells over time, indicating its potential to impede cancer
cell migration and invasion. Molecular docking studies further elucidated its potential
mechanism of action through binding interactions with the androgen receptor. These findings
suggest that the synthesized benzothiazole-schiff base compounds may serve as a promising
lead compound for the development of novel anti-cancer agents for the treatment of prostate

cancer.

Table 7.3. The inhibition rates for C4-2 and A-549 cell lines in vitro (5a-5i)

Compound Inhibition rate of C4-2(%) (uM) Inhibition rate of A-549(%0) (UM)

10 20 30 40 50 10 20 30 40 50

5a 55.52 40.78 3245 20.19 10.15 68.85 56.51 44.97 3228 19.22
5b 5210 40.27 29.95 17.38 7.42 6460 55.30 44.75 32.04 19.08
5c 50.88 40.01 20.64 10.83 7.02 62.79 53.11 40.08 29.86 15.33
5d 5129 4128 3330 2021 8.75 6542 5451 4502 30.05 19.02
Se 4538 3573 2436 6.75 131 59.76 48.63 37.39 22111 9.95
5f 46.31 39.71 28.66 1141 3.67 60.33 5198 41.02 29.92 1091
59 47.08 39.89 29.31 1395 3.85 59.81 44.02 3584 2275 10.04
5h 40.65 30.67 19.66 3.70 1.89 5541 4037 3198 19.60 7.88
5i 38.88 29.01 1864 383 0.92 48.79 3511 22.08 1186 4.33
5j 46.90 3991 28.29 10.78 3.54 59.09 4431 3506 2290 11.02

Enzalutamide 1141 8.40 568 117 0.65 69.88 56.89 4291 3050 9.21
EF24 59.78 5137 44.82 2286 4.77 15.34 11.06 6.05 206 120

Overall, the biological significance of benzothiazoles and benzothiazines lies in their
multifaceted pharmacological activities, which make them valuable compounds for drug
discovery and development across various therapeutic areas. Further research into their
mechanisms of action and optimization of their pharmacokinetic properties could unlock their

full therapeutic potential.
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