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ABSTRACT 
Heterocycles containing sulfur are one of the most significant types of diverse, pharmaceutical compounds in modern 
medicinal chemistry. The percentage of all approved medicines by the FDA that are made up of heterocycles 
containing sulfur has grown from 10% to 20% from the years 2020 to 2024. This article will supply extensive 
systematic listings of all sulfur-containing heterocycles, class by ring size (e.g., 5-membered [thiazoles, thiophenes, 
thiadiazoles]; 6-membered [thiazines]; fused bicyclic [benzothiazoles, dibenzothiophenes]) as well as by the number 
of heteroatoms in each ring system, saturation of each ring system, with very recent synthetic evaluations of synthetic 
methods employed through several of the most common processes to make these compounds, including both 
traditional methods (e.g., Hantzsch thiazole synthesis, Gewald reaction) and newer techniques (e.g., microwave-
assisted synthesis, "green" synthesis, one-pot multicomponent reactions, transition metal-catalyzed cyclizations like 
Pd, Cu, etc.) to prepare compounds of interest that have been reported to contain biological activity from 2019-2024. 
This systematic review will provide an overview of the classes of biological activity (e.g., antimicrobial, anticancer, 
anti-inflammatory, antiviral, and antioxidant) produced by benzothiazole-thiazolidinone hybrid (and related) 
compounds and thiadiazole-based covalent inhibitors and thiazole-based anti-cancer compounds based on methods of 
medicinal chemistry (i.e., structure-activity relationship). Based on the evidence compiled herein, benzothiazole-
thiazolidinone hybrids, thiadiazole-based covalent inhibitors, and thiadiazole derivatives are very valuable chemical 
scaffolds in all these areas. The major impediments to using these compounds in drugs are their synthetic limitations, 
toxicity, and lack of drug-likeness; however, researchers are working towards utilizing modern technologies for 
designing targeted covalent inhibitors as well as solubility, reactivity, stability, and low-cost manufacturing methods 
to facilitate the development of sulfur heterocycles as an important chemical scaffold for developing the next 
generation of therapeutics. 
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Introduction 
One of the most crucial heteroatoms used 
in drug discovery today is sulfur. Its 
importance lies in its distinct chemical 
properties that lend to a wide range of 
pharmacological benefits: sulfur can exist 
in many different oxidation states, form a 
variety of types of bonds, and therefore 
make many drugs more stable than they 

otherwise would be, improve their 
solubility, and thus have a positive impact 
on both pharmacokinetics and 
pharmacodynamics [1]. The use of sulfur 
as a heteroatom in pharmaceutical 
creation has a long and successful history, 
as evidenced by the discovery of 
penicillin, an example of an early 
revolutionary antibiotic that was found to 
contain a sulfur atom as part of its 
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thiazolidine ring [2]. In the years since the 
introduction of penicillin, this trend has 
continued on a steady basis – more than 
300 FDA-registered drugs made from 
sulfur have demonstrated various forms 
of biological activity and numerous 
possibilities for therapy and there has 
been an increase in the number of newly 
FDA-registered drugs that incorporated 
sulfur between 2020 and 2024, as it went 
from 10% to 20% of registered drugs as 
measured by the year (2020: 11%; 2024: 
20%) [3]. 
There is a great deal of variability in the 
three-dimensional structure of 
compounds that contain sulfur atoms; 
therefore, the various types of sulfur-
containing scaffolds have an increased 
utility in therapeutics because of their 
diverse structural characteristics. There 
are many different types of sulfur-
containing functional groups, including 
thiols, sulfides, disulfides, sulfones, 
sulfoxides, sulfonic acid, sulfonamide, 
sulfate esters, especially thioketones, 
thioelestters, and thienothiazoles [4]. The 
FDA has issued drug approval for 3 
groups of compounds containing sulfur, 
including sulfonamides, sulfides, and 
sulfones [3]. Furthermore, as a result of 
their diverse pharmacological actions and 
means of action, sulfur-heterocyclic 
compounds have become an important 
class of bioactive compounds in the field 
of drug discovery. As a result of having 
several pharmacological activities, 
sulfur-heterocyclic compounds work by 
inhibiting the growth or development of 
microorganisms and modulating the host 
immune response mechanisms [5]. 
The fields of medicinal chemistry and 
pharmaceutical sciences hold 
heterocycles at the core of both 
disciplines. Synthetic drugs, from the 
inception of the pharmaceutical industry, 
have been developed using the 

heterocyclic rings contained in natural 
products, including alkaloids, vitamins, 
antibiotics, and peptides, as guiding 
blueprints; therefore, the heterocyclic 
scaffold is considered a cornerstone of the 
future drug discovery process, and 
approximately 85% of all bioactive 
molecules contain heterocyclic moieties 
[6]. An analysis conducted on the most 
recently approved small-molecule drugs 
demonstrates this phenomenon. Fluorine 
or N-aromatic heterocycles were included 
in 23 of the thirty small-molecule novel 
chemical entities that were approved by 
the FDA in 2024 (77%); this pattern is 
comparable with previous years (2022 
and 2023) [7]. 
Numerous intrinsic characteristics 
contribute to the pharmacological 
benefits of drugs developed from 
heterocycles. Ongoing development 
using heterocyclics opens the door for 
additional therapeutic and quality-of-life 
opportunities for patients. The literature 
is replete with numerous studies and 
publications addressing the benefits and 
benefits they present in the development 
of new therapeutic agents.[8] . One of the 
classes where increased focus has been 
directed toward new applications is that 
of S-heterocycles over the past several 
years, following extensive efforts made 
with respect to using N-heterocycles in 
medicinal chemistry, and researchers 
have begun to synthesize new S-
heterocycles with a clearly demonstrable 
higher medicinal value than previous N-
heterocycles, while also providing a 
lower toxicity profile. [9]. The size of the 
heterocyclic ring system will also 
influence how the S-heterocycle will 
demonstrate pharmacological activity; 
smaller rings (3– and 4-member) will 
provide unique reactivity and 
characteristics that will facilitate potent 
pharmacological activity, while making 
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use of larger rings (6– and 7-member) 
will yield greater structural stability and 
more favorable interactions with 
biological targets. [5]. 
Sulfur heterocycles have impacted many 
therapeutic classes. β-lactams, found in 
the class of penicillin, are examples of 
early sulfur incorporation in medicine 
due to their link with the five-membered 
thiazolidine ring (the penam system). 
Regarding medications for acid-related 
gastrointestinal disorders, the proton 
pump inhibitors esomeprazole 
(Nexium®) and omeprazole (Prilosec®) 
contain sulfoxides, making them some of 
the most widely used sulfonyl late in 
medicine. [10]. The oncology drugs 
dabrafenib, dasatinib, ixabepilone, and 
epothilone all have been shown to possess 
a thiazole backbone. [11] Recently, 
tovorafenib, a fluorinated version of the 
thiazole, has been granted expedited 
approval by the FDA for the treatment of 
children with low-grade gliomas 
containing mutations in BRAF. Taylor 
and Francis Online, the FDA approved 
Quizartinib (Vanflyta®) in July 2023 as a 
new treatment option for adults who have 
a new acute myeloid leukaemia diagnosis 
due to being FLT3 (type - iD) positive. 
There are many other five and six-
membered sulfur heterocycles (thiazole, 
thiadiazole, thiazolidinedione, thiphene, 
thiopyran, benzothazole, 
benzothiophene, and phenothiazine) with 
different methods of cytotoxicity, like 
inhibiting tyrosine kinases, 
topoisomerases 1 & 2, tubulin 
polymerisation, cyclooxygenase, and 
DNA replication; as well as inhibition of 
PI3K/Akt and Raf/MEK/ERK signal 
transduction systems. [12]. 
Despite the remarkable therapeutic 
breadth of sulfur-containing heterocyclic 
compounds, no single comprehensive 
resource currently integrates their 

synthetic advances, structural 
classification across ring sizes, and the 
full spectrum of biological activities 
reported in recent literature. The present 
review therefore aims to provide a 
systematic and updated account of sulfur-
containing heterocyclic compounds with 
particular emphasis on: (i) the principal 
synthetic strategies used to construct key 
scaffolds ranging from three- to seven-
membered sulfur rings; (ii) a structural 
classification that encompasses 
monocyclic, fused bicyclic, and 
polycyclic sulfur-containing ring 
systems; and (iii) the diverse biological 
activities antimicrobial, anticancer, 
antidiabetic, anti-inflammatory, antiviral, 
and antihypertensive reported for these 
scaffolds, supported by structure–activity 
relationship (SAR) analyses. By 
consolidating recent advances from 2019 
to 2024, this review is intended to serve 
as a resource for medicinal chemists and 
pharmaceutical researchers engaged in 
the rational design of next-generation 
sulfur-based therapeutic agents. 
3. Classification of Sulfur-Containing 
Heterocycles 
Sulfur-containing heterocycles exhibit 
many structural types, and an orderly 
classification will create the parameters 
needed to assess the ease of making 
these types of compounds, their physical 
and chemical properties, and their 
biological activity. Sulfur-containing 
heterocycles can be rationally 
categorized based on three 
complementary criteria: the size of the 
ring, the types and combinations of 
heteroatoms present in rings, and the 
level of saturation (aromatic or non-
aromatic). 
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Figure 1 ClassificaƟon of Sulfur-Containing 

Heterocycles 

3.1. Based on ring size 
3.1.1. 5-membered: thiazole, 
thiophene, thiadiazole 
In medicinal chemistry, five-membered 
sulfur heterocycle rings are the most 
exploited pharmacologically of all 
heterocycles. The most common 
heterocycles in this class are thiophene, 
thiazole, and thiadiazole, with the three 
having unique structural and electronic 
properties that confer their individual 
biological activity profiles. [13]. 
3.1.1.1 Thiazole 
5-membered aromatic heterocyclic 
compound with S in position 1, N in 
position 3. Because of the unique way in 
which N and S are positioned in the 
thiazole ring, the π electrons can move 
freely from one of the bonds in the ring to 
another through the bonds of the thiazole 
ring, providing for aromatic properties. 
Because of the aromatic properties of this 
ring, there are numerous reactive sites 
where donor-acceptor, 
nucleophile/electrophile, or oxidative 
types of reactions can take place. 
Substances that contain this ring 
structure, when entering living systems, 
may activate or inhibit biochemical 
pathways and/or enzymes, and stimulate 
and/or inhibit receptor proteins [11]. The 
thiazole scaffold has been incorporated 
into many of the pharmaceutical products 
found on the market today, with evidence 
supporting thiazole being a ubiquitous 
motif in many pharmacologically 
relevant drug molecules, such as 

lurasidone, sulfathiazole, ritonavir, and 
many others, and the scientific 
community very much acknowledges that 
this series of compounds has many 
biological properties. [14]. Thiazole 
derivatives have been the subject of 
pharmaceutical research and 
development for many years, with 
continuing success over the last few 
decades due to the many biological 
properties associated with thiazole 
derivatives (anticancer, antibacterial, 
antifungal, anti-HIV, antiulcer, anti-
inflammatory, etc.), and there are 
currently a significant number of 
thiazole-based pharmaceutical products 
in the marketplace. [15]. 
3.1.1.2 Thiophene 
A five-membered ring with one sulfur 
atom per ring makes up the aromatic 
heterocycle thiophene. It is frequently 
referred to as the "wonder heterocycle" 
because of its broad range of biological 
activities, which include anticancer, 
antibacterial, antioxidant, and anti-
inflammatory/antiallergic properties. It is 
derived from the Greek words theion, 
meaning sulfur, and phaino, meaning to 
shine. [16]. There are 4 thiophene-
containing drugs approved by the United 
States Food and Drug Administration 
(FDA) in the past ten years, resulting in 
26 thiophene-derived drugs being 
classified into different pharmacological 
categories. [17]. The unique anticancer 
properties of thiophenes can be attributed 
to their ability to bind to multiple cancer-
specific proteins based on their 
substitution pattern and substitution 
position. Numerous thiophene 
derivatives have been shown to possess 
anticancer properties and utilize a variety 
of signal transduction pathways involved 
in cancer. There is a growing interest 
among researchers in developing and/or 
synthesizing new thiophene derivatives 
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through the alteration of the substituent 
groups. [15]. 
3.1.1.3 Thiadiazole  
Thiadiazole (C2H2N4S), with its 
characteristic five-membered ring, which 
has one sulphur atom and two nitrogen 
atoms, exists in four isomers (1,2,3-, 
1,2,4-, 1,2,5-, and 1,3,4-thiadiazole). 
Compounds containing this thiadiazole 
moiety can readily cross biological 
membranes, interact powerfully with 
biological targets, and display a wide 
range of biological activities due to the 
mesoionic nature of the thiadiazole. [18]. 
The 1,3,4-thiadiazole derivatives exhibit 
metabolic stability and bioavailability; as 
such, this is the most favorable moiety 
with a variety of therapeutic actions, 
including anticancer, antiviral, anti-
inflammatory, antidiabetic, and 
antidepressant activities due to their high 
degree of aromaticity, in vivo stability, 
and lack of toxicity when administered. 
[19]. RSC Cuttings Publishing. Another 
advantage of 1,3,4-thiadiazole is that it 
can serve as a bioisostere of pyrimidine, 
which extends its use in drug design. 
Thiadiazoles demonstrate biological 
activity based on their capabilities to bind 
to a wide variety of target molecules 
through numerous mechanisms, 
including hydrogen bonding, van der 
Waals' forces, hydrophobic forces, and 
metallic coordination bonds. Amongst the 
thiadiazole isomers, 1,3,4-thiadiazole 
derivatives represent the most promising 
group with respect to their antitumor 
potential. [20]. 
3.1.2 6-membered: Thiazine 
Thiazine is an important six-member 
heterocyclic compound with one nitrogen 
atom and one sulfur atom. Three isomer 
forms of thiazine relate to position: 1,2 
(thiazine), 1,3 (thiazine), and 1,4 
(thiazine). Because of its various 
biological functions, thiazine has become 

an extremely important heterocyclic 
compound. It has been shown to include 
many pharmacological effects such as 
antileukemic, antimycobacterial, anti-
inflammatory, sedative, hypnotic, anti-
influenza, antituberculosis, inhibition of 
melanogenesis, inhibition of BACE1 
(potential anti-Alzheimer's), 
neuroprotective, and anticonvulsant 
activities [21]. Most notable of thiazine's 
clinical applications is acetazolamide and 
the thiazine pharmacophore prevention of 
BACE1 (JNJ - 54861911), which was 
studied further and proceeded to Phase 
2b-3 clinical trials for Alzheimer's 
disease. A well-known drug that contains 
a core structure of the heterocyclic 
compound thiazine is cephalosporin, one 
of the most prescribed types of antibiotics 
in the world; it has a core structure of 3,6-
dihydro-2H-1,3-thiazine [22]. Structural 
variations of thiazine through alkyl, aryl, 
and heteroaryl substituents in multiple 
positions on the ring of thiazines continue 
to provide opportunities for the 
development of new bioactive agents. 
The wide-ranging pharmacological 
properties and pharmaceutical 
application of thiazine derivatives will 
continue to represent a significant 
opportunity when generating the next 
generation of medicinally active 
compounds [23]. 
3.1.3 Fused systems: benzothiazole, 
dibenzothiophene 
Incorporating sulfur into ring fusion 
creates much more complex structures 
and provides a wider range of 
pharmacological activity than a single 
cycle alone. The addition of a carbocyclic 
or heterocyclic to a sulfur-containing ring 
helps make the molecule more planar, 
allows for more efficient π–π stacking of 
the rings, and usually increases binding to 
the target [24]. 
3.1.3.1 Benzothiazole 
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Benzothiazole (BT) is a bicyclic structure 
consisting of a benzene ring fused to a 
thiazole at positions 4 and 5, respectively; 
it contains both sulfur (S) and nitrogen 
(N) atoms. BT derivatives have gained 
considerable relevance due to their 
various biological activities, as many BT 
derivatives have shown versatile 
biological activity, creating a structure 
that can provide multiple types of 
compound classes when compared to 
other heterocycles, which contain only 
carbon and/or nitrogen atoms. With their 
nitrogen- and sulfur-containing fused 
heterocyclic skeleton, BT represents a 
diverse range of pharmacological 
activities, such as anticancer, antibiotic 
(antimicrobial), anti-inflammatory, 
antidiabetic, neuroprotective, and clinical 
diagnostic agent activity. [25]. Some of 
the approved and investigational clinical 
drugs possessing this heterocyclic 
skeleton include BT-based agents such as 
flutemetamol for the diagnosis of 
Alzheimer’s dementia, riluzole for the 
treatment of ALS, and quizartinib for the 
treatment of AML – all of which illustrate 
a wide variety of BT-based therapeutic 
agents and demonstrate the potential of 
BT for several different types of medical 
applications. [26]. At the structural level, 
the 2-aminobenzothiazole moiety has 
been shown to possess both hydrogen-
bond forming (i.e., H-bond donor and H-
bond acceptor) capabilities and the ability 
to form chalcogen bonds; therefore, the 
compound may interact through various 
modalities (e.g., π-π stacking and van der 
Waals contacts) to produce binding 
interactions with target protein residues 
that can result in inhibitory mechanisms 
of action. [27]. 
3.1.3.2 Dibenzothiophene 
The chemical benzothiophene 
(benzo[b]thiophene) is comprised of a 
fused bifunctional ring system—the 

thiophene (a single five-membered) ring 
fused to benzene (a single six-membered) 
ring. A dibenzothiophene compound has 
an additional six-membered fused 
benzene to create a three-dimensional 
structure [28]. As a sulfur-substituted 
heterocycle, benzothiophene is used in 
medicinal and biological sciences 
because they are highly soluble, 
minimally toxic, and, by extension, 
shows high bioavailability. The fused 6-
membered aromatic ring and thiophenic 
unit serve as an excellent basis for the 
development of biologically active 
compounds that exhibit a multitude of 
biological/pharmacological activities, 
such as (but not limited to) 
antimicrobials, cancer therapeutics, 
antiinflammatories, antioxidants, 
antimalarials, antidiabetic agents, and 
enzyme inhibitors. Springer Group 
Polycyclic structures make up most 
structures found in Natural Products, 
Pharmaceuticals, Fertilizers, and 
Advanced Materials [29]. Polycyclic 
Heterocycles, such as dibenzofuran, 
dibenzothiophene, and carbazole, are just 
a few of many functionalized 
Heterocycles that are very ubiquitous and 
have been the focus of significant 
research given their vast number of 
biological applications. Many 
dibenzothiophene derivatives have been 
shown to exhibit anticancer activity by 
affecting cell cycle progression and 
inducing apoptotic cell death in numerous 
cancer cell lines [29].  
3.2. Based on heteroatoms 
A second and complementary 
classification system considers the other 
heteroatoms in the sulfur-containing ring 
system, because they have an important 
effect on the electronic nature, hydrogen 
bonding ability, and the target interaction 
profile of the compound. 
3.2.1 S only (thiophene) 
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Thiophene represents the first member of 
the simplest group of sulfur heterocyclic 
compounds, having only sulfur present as 
the heteroatom in the ring. Thiophene and 
its derivatives have been identified as key 
compounds in medicine, primarily due to 
their potential therapeutic applications, 
including antimalarial, antimicrobial, 
antimycobacterial, antidepressant, 
anticonvulsant, antiviral, anticancer, 
antihypertensive, anti-inflammatory, and 
antioxidant activities. Consequently, a 
multitude of target entities for the 
discovery of novel classes of 
physiologically active chemicals have 
been made available by thiophene and its 
derivatives. [30] Thiophene's vast 
number of possible pharmacological 
outcomes is attributed to its electron-rich 
nature, thus allowing for π-interactions 
with enzymatic binding sites and DNA, 
as well as the ease with which one can 
functionalize the 2- and 3-positions of 
thiophene. Moreover, various thiophene-
based agents demonstrate the versatility 
of thiophene as an antibacterial 
compound, including, but not limited to, 
monomeric thiophene-based 
heterocycles, such as pyridines, azoles, 
diazines, and azepines; aminothiophenes; 
and thiophene carboxamide-based 
compounds have demonstrated 
antimicrobial action. [31] 
3.2.2 S + N (thiazole, thiadiazole) 
The combination of sulfur (S) and 
nitrogen (N) in one heterocyclic ring 
structure is one of the best-known and 
most useful pharmacological structural 
motifs in the field of medicine. Some 
examples of these S+N combination 
structures are thiazoles (including 
thiadiazoles, thiazines, benzothiazoles, 
and their reduced analogs), which have 
both S and N atoms located within a 
common 5-membered ring. Chemistry 
associated with the co-existence of both 

aromatic and aliphatic S and N within the 
same molecular structure generates a 
unique, diverse opportunity for the 
formation of hydrogen in biological 
systems, as well as interactions with 
metals and other small molecules [32]. 
The thiadiazoles are members of a larger 
class called "nitrogen-sulfur compounds" 
which are very commonly found as the 
building blocks of many biologically 
active compounds, as well as 
intermediate handling agents for 
pharmaceutical compounds in the 
laboratory; 1,3,4-thiadiazoles have been 
shown to have a variety of biological 
activities attributed either partly to the 
presence of the N=S=C= moiety, or in 
other studies to the highly aromatic nature 
of the 5-membered ring [33]. 
"Thiazolidinones" (the primary nitrogen-
sulfur (N/S) heterocyclic molecule) have 
long been recognized as one of the 
"privileged pharmacophores" in modern 
medicinal chemistry, due in part to their 
association with several FDA-approved 
drugs and their involvement with some 
therapeutic targets [34]. "Thiazolidinone" 
structures contain properties that allow 
them to exhibit strong N/S heteroatom 
interactions and have good 
pharmacokinetic properties (e.g., 
lipophilicity) associated with their azole 
ring system; these properties have helped 
many drug compounds (and 
pharmaceutical drug formulations) reach 
their pharmacological target tissues via 
transmembrane diffusion, thereby 
improving biological response attributes 
associated with specific drug targets [35]. 

 
 

3.2.3 S + N + O (complex systems) 
Heterocyclic structures containing sulfur, 
nitrogen, and oxygen heteroatoms can be 
very molecularly elaborate when fused or 
hybridized together to form fused or 
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hybrid ring systems as well; the polarity 
characteristics of these compounds vary 
greatly with respect to one another and 
further add to their diversity by creating 
larger networks of hydrogen bonds. For 
example, derivatives of thiazolidinedione 
(TZD), which have become a major focus 
of pharmaceutical development, 
represent many significant contributions 
to this category of sulfur-containing 
heterocycles as they exhibit a broad range 
of pharmacological properties and 
biological activity against many clinically 
important targets and are used repeatedly 
by pharmaceutical researchers as a 
scaffold in drug development. [36]. 
Hybrid S+N+O scaffolds, such as 
triazolothiadiazines (where the triazole is 
fused to thiadiazole and contains both 
triazole- and thiadiazole-bound oxo 
functionalities), represent an additional 
significant source of hybrid S+N+O 
scaffolds with significant relevance for 
cancer drug development and have 
demonstrated significant antiproliferative 
activity in large-scale screening of 
triazolothiadiazoles and 
triazolothiadiazines. [37] In general, the 
presence of oxygen within sulfur/nitrogen 
heterocyclic frameworks alters the 
electronic density, polarity, and metabolic 
stability of the rings of these systems, 
thus creating inherently desirable 
properties for the development of rational 
drug design. 
3.3. Based on saturation 
3.3.1 Aromatic 
Thiazole's characteristics for this purpose 
are similar to that of thiophene and 1,2,3-
triazole as its 
shape/size/conformation/configuration is 
an average of these docked compounds; 
the mass spectra of thiazole indicate its 
aromatic character by the presence of 
abundant molecular ions, and the 
thermodynamic data suggests that 

thiazole self-associates in a liquid state 
while also being completely soluble in 
water at room temperature. Aromatic 
systems (e.g., benzothiazole) benefit 
from the characteristics provided by the 
fusion of a benzene ring yielding a greater 
degree of planarity and π-stacking; 
therefore, benzothiazole has become 
attractive to medicinal and synthetic 
chemists because its fused heterocyclic 
framework offers a broad array of 
biological activities including, but not 
limited to, anticancer, antiinflammatory, 
antibacterial, antiviral, antimalarial, and 
anticonvulsant [38]. In the class of fused 
benzo-thiophene-based compounds, 
benzo[b] thiophene-based compounds 
uniquely display not only exceptional 
chemical properties and biological 
activities, but also superior 
pharmacological properties, as well as 
exhibiting a high degree of metabolic 
stability; therefore, the unique hybrid 
structure formed when fused produces a 
core component for the synthesis of fused 
heterocyclic compounds with widespread 
applications [39]. 
Non-aromatic 
Thiazolidine is a five-membered ring that 
contains one nitrogen and one sulfur atom 
(C₃H₇NS). It is an effective medicinal and 
pharmaceutical compound because of its 
many derivatives with similar medicinal 
or pharmaceutical activity, including 
those that provide the basis for the 
development of probes used in preclinical 
and clinical settings. The various 
thiazolidine derivatives possess unique 
and valuable properties, particularly 
resulting from their sulfur atom and the 
ability to exist in multiple conformations; 
as a result, thiazolidine derivatives 
contain a great deal of structural diversity. 
There are many different types of 
thiazolidine derivatives available for use 
in research and development; because of 
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this, many thiazolidines have gained 
popularity among researchers in both 
organic synthesis and medicinal 
chemistry [40]. Additionally, 
thiazolidines can act as a "bridge" 
between these two disciplines by 
enabling researchers to discover new 
compounds that could potentially be 
beneficial as drug candidates. The recent 
emergence of thiazolidines as an 
important class of compounds to 
researchers has led to increased interest in 
their use in the development of new 
compounds with potential therapeutic 
activity[41]. In addition to being useful 
around drug discovery, thiazolidines 
possess a wide variety of other biological 
activities, including but not limited to: 
anticancer, anticonvulsant, antimicrobial, 
and neuroprotective, as well as having 
many other biological properties, making 
thiazolidines very desirable as a chemical 
structure. Thus, thiazolidines are an 
important class of compounds for both 
researchers and pharmaceutical 
companies. The thiazolidine-2,4-dione 
(TZD) group of compounds has 
therapeutic significance as they lack an 
aromatic ring and are one of the most 
therapeutically relevant classes of S-
heterocycles. The various members of the 
glitazone class of drugs for diabetes 
mellitus are all based on the 
pharmacologic PPARγ agonistic 
properties of this important class. The 
only commercially available aldose 
reductase inhibitor currently permitted in 
China/India/Japan is epalrestat, a 
carboxylic acid (as represented by the 
thiazolidinone chemical structure with a 
2-thioxo-4-thiazolidine). This shows that 
non-aromatic thiazolidinone 
pharmacophores can be used as 
therapeutically effective medications 
[42]. Moreover, the highly privileged non 
aromatic sulfur-containing ring systems 

can be utilized in also facilitating multiple 
mechanisms of action to interact with 
their respective biological targets through 
their unique chemistry; such as, 
thiazolidinone-based entities with their 
many chemical pathways are known to 
provide various therapeutic benefits 
including, but not limited to, 
antibacterial, anticancer, anti-
inflammation, anti-diabetes and 
neuroprotective mechanisms of action via 
various biological pathways involving the 
interactions at PPAR-γ, NF-κB, COX 
enzymes and DNA topoisomerase 
targets[43]. 
4. Synthetic Strategies (Core Section) 
Sulfur-containing heterocyclic 
compounds represent one of the most 
pharmaceutically significant classes of 
organic molecules, encompassing 
scaffolds such as thiophene, thiazole, 
benzothiazole, thiadiazole, 
thienothiazole, thiirane, and thietane. For 
many decades, S-heterocycles have 
maintained their status as an important 
part of FDA-approved drugs and 
medicinally active compounds, and with 
the exhaustive exploration of nitrogen 
heterocycles, researchers have 
increasingly shifted their interest toward 
S-heterocycles[44] . 

 
4.1 Classical Methods 
Sulfur-containing heterocycles are still 
widely produced using classic synthetic 
methods because of their ease of 
operation and scalability.  
4.1.1 Hantzsch thiazole synthesis 
The Hantzsch thiazole synthesis was 
introduced in 1887 by the German 
chemist Arthur Hantzsch. It has been 
proven to be a good way to make the 
thiazole ring system, and it is still used 
today. The thiazole was first discovered 
by Hantzsch and Weber in 1887[45] The 
thiazole has some properties of pyridine 



Research Paper 

 

 IJDDT, Volume 16 Issue 55s, 2026 

Page | 1102  

and pyrimidine. The thiazole nucleus is 
an important part of vitamin B₁, which is 
also called thiamine [46]. The Hantzsch 
thiazole synthesis is defined by the 
combination of α-haloketones with 
thioamides or thioureas, in which the 
sulfur atom is very good at attracting 
molecules, which makes the reaction 
feasible and completed by a multistep 
mechanism [47] There were some 
concerning problems with this Hantzsch 
thiazole synthesis, such as the reaction 
taking a long time, the very low yields, 
and the harsh reaction conditions. These 
problems have been solved with new 
methods. For example, we can use 
microwave conditions to help the 
reaction, we can go for solvent-free 
synthesis, and we can use catalytic 
approaches.[45] The thiazole scaffold is 
still very interesting to researchers. The 
Hantzsch thiazole synthesis is used in 
pharmaceuticals, natural products, and 
functional organic materials. This shows 
that the Hantzsch thiazole synthesis is 
still very important in chemistry today 
[48] 
Bansal et al. synthesized several thiazole-
pyrazole compounds efficiently. The 
synthesis pathway begins with the 
reaction of thiosemicarbazone with 
substituted acetophenones 1 in the 
presence of ethanol and acid to synthesize 
a para-substituted acetophenone 
thiosemicarbazone 2. Additionally, p-
NO2-phenacyl bromide in ethanol was 
used to synthesize Hantzsch thiazoles 3. 
This was followed by a Vilsmeier-Haack 
cyclization reaction utilizing 
DMF/POCl3 as reagents to produce 
substituted carbaldehydes 4. Some 
thiazole-pyrazole compounds 5 were later 
produced by refluxing suitable 
substituted aminothiazoles with 
carbaldehydes in ethanol and fused 
sodium acetate. Depending on the 

substituent added, the yields ranged from 
modest to good [49] 

 
Scheme 1. Synthesis of thiazole clubbed pyrazole 

derivaƟves. 
Folquitto et al.[50] Formyl eugenol and 
formyl dihydro eugenol 7 were first 
prepared using the well-known Duff 
reaction to start the synthesis [51] These 
formylated compounds were then reacted 
with two commercially available 
aldehydes, vanillin and salicylaldehyde, 
in ethanol under heating conditions to 
create the thiosemicarbazones 8 [52] 
Lastly, the target thiazole derivatives 9 
were produced by reacting 
thiosemicarbazones 8 with different α-
bromoketones in isopropanol under heat 
[53] 

 
Scheme 2. Synthesis of new thiazole compounds by 

Hantzsch thiazole synthesis. 

4.1.2 Gewald reaction (thiophene 
synthesis) 
The Gewald Reaction involves a reaction 
of an α-cyano ester and either an aldehyde 
or a ketone between elemental sulfur and 
a basic compound to produce a 
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polysubstituted 2-aminothiophene. Karl 
Gewald is credited with the development 
of the reaction [54] This synthesis has 
been used extensively since it was first 
published in 1961, becoming widely 
accepted and used throughout the years 
following that period due to its ability to 
provide substituted 2-aminothiophenes, 
through multiple reagents being supplied 
as well as under mild conditions [55] 
Mechanistically, comprehensive DFT 
computational studies have established 
that the reaction is initiated by a 
Knoevenagel-Cope condensation, 
followed by the opening of elemental 
sulfur, leading to polysulfide 
intermediates, which ultimately undergo 
intramolecular cyclization to furnish the 
2-aminothiophene product  Over the 
years, classical limitations of the reaction 
have been addressed through modern 
modifications, including microwave-
assisted protocols, solvent-free 
mechanochemical approaches, and 
aqueous-phase green methodologies, 
affording the desired products in yields of 
75–98% [56] In drug discovery, 2-
aminothiophenes occupy a special 
position owing to their structural 
simplicity, availability, and broad 
biological properties, including 
antimicrobial, anti-inflammatory, 
antifungal, antioxidant, and antidiabetic 
activities, and they serve as key scaffolds 
in top-selling drugs such as olanzapine 
and tinoridine.  
Mishra et al. describe a three-step 
synthesis of a series of hybrid amide 
compounds 18 based on 2-
aminothiophenes. In step one, ethyl 
cyanoacetate 10, acetylacetone 11, and 
elemental sulfur S₈ 12 undergo a multi-
component Gewald reaction in which 
Knoevenagel condensation, 
incorporation of sulfur, and cyclization-
aromatization occur to yield a derivative 

of polysubstituted 2-aminothiophene 13. 
In step two, chloroacetyl chloride 15 is 
used to N-acylate substituted aniline 14, 
which produces the N-aryl-2-
chloroacetamide intermediates 16. In step 
three, the exocyclic -NH₂ group of 
compounds four reacts with the α-chloro 
carbon of each intermediate compound 
16 by nucleophilic substitution to create a 
-NHCH₂- linkage that connects the 
thiophene scaffold to the arylacetamide 
arm, providing access to the final hybrids 
18. The only difference among the 
compounds is in the terminal aryl 
substituent (R), providing an opportunity 
for a systematic SAR study to determine 
how the electronic properties and steric 
hindrance of the aryl substituted 
compounds affect their anticancer 
potency [57] 

 
Scheme 3. Synthesis of a new thiophene compound by 

the Gewald reacƟon. 
Balamon et al. used a two-path Gewald 
reaction for making bicyclic 2-amino-
4,5,6,7-tetrahydrobenzob [b]thiophene-
3-carbonitrile 21 with a tert-butyl 
substituent. Using the upper path, all 
reactions, i.e., Knoevenagel 
condensation, incorporation of sulfur, 
cyclization, and the final step to convert 
to the aromatic ring, occur in one vessel, 
giving an overall yield of 85% of 
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compound 21. 4-tert-butylcyclohexanone 
19 is used with malononitrile 20 and 
elemental sulfur S8 in 
ethanol/ethanolamine (ETA) and refluxed 
for 2 hours. The second method (the 
bottom pathway) consists of two steps. 
The ketone 19 and malononitrile 20 
undergo a Knoevenagel condensation in 
refluxing ethanol for 3 hours to produce 
the intermediate compound 22. This 
intermediate is then reacted with 
elemental sulfur S8 in a separate reaction 
(ethanol/ETA at reflux for 2 hours) to 
complete the cyclization-aromatization 
sequence, thereby producing the same 
compound 1 [58] 

 
Scheme 4. Two-pathed syntheƟc procedure of 

thiophene-carbonitrile by Gewald reaction. 

4.2 Modern Synthetic Approaches 
Modern synthetic strategies have shifted 
toward greener, more efficient 
methodologies now provide diverse 
sulfur heterocycles with improved atom 
economy and selectivity for the formation 
of new and recent sulfur-containing 
heterocycles. 
4.2.1 Microwave-assisted synthesis 
The importance of sulfur-containing 
heterocyclic compounds for biomedical 
and material science applications has 
driven a surge in microwave (MW)-
assisted synthetic methods, whose 
supreme advantage lies in the 
extraordinary acceleration of reaction 
rates under unconventional conditions 
[59] MW-assisted synthesis offers fast, 
high-yield protocols with milder 
conditions and reduced environmental 

impact through solvent-free procedures, 
making purification more manageable 
compared to conventional approaches 
[60]. 
Mamidala et al. established a single-step, 
microwave-mediated process for the 
synthesis of several furan hybrids 
intended as powerful anticancer drugs, 
26, with remarkable yields. The 
multicomponent synthesis produced the 
required compounds by cyclizing 
phenacyl bromide 23 with 
thiosemicarbazide 24 and then reacting 
chalcone 25 with a catalytic quantity of 
sodium hydroxide (NaOH) in ethanol at 
70 °C for 5 to 6 minutes [61] 

 
Scheme 5. SyntheƟc procedure for sulfur-containing 

furan hybrids by microwave-assisted reacƟon. 

Alrayes et al. demonstrated that N-{2-
[(carbamothioylhydrazono)methyl]phen
yl}-4-methylbenzene sulfonamide 31 
was created in high yield (92%) by 
condensing N-(2 formylphenyl)-4-
methylbenzenesulfonamide 27 with 
thiosemicarbazide 30 in the presence of 
piperidine as a catalyst under microwave 
irradiation (MWI). Cyclization of 31 with 
some active methyl bromoacetate or 
phenacyl bromide derivatives 32 via 
MWI produced the corresponding 
thiazole derivatives 33 and 34 [62]. 
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Scheme 6. SyntheƟc pathway for the synthesis of 
sulfonamide-sulfur-containing heterocycle by 
microwave-assisted reacƟon.  
4.2.2 Green chemistry methods 
The synthesis of sulfur-containing 
heterocyclic compounds poses a major 
challenge for organic chemists, 
particularly in the context of green 
chemistry principles; recent work has 
focused on employing green solvents 
such as water, ionic liquids, deep eutectic 
solvents (DES), glycerol, and 
polyethylene glycol for five-, six-, and 
seven-membered S-heterocyclic ring 
systems[63, 64]. Representative catalyst-
free aqueous reactions have afforded 2-
aminothiophenes, 2-aminothiazoles, 
benzothiazoles, dithiocoumarins, and 
thiadiazoles with yields reaching 75–
98%, where high medium polarization 
causes spontaneous product precipitation 
and facilitates isolation[65] In a recent 
sustainable approach employing bio-
based catalysts, including plant extracts 
and enzymatic systems, a range of 
nitrogen- and sulfur-containing 
heterocycles were synthesized under mild 
aqueous and solvent-free conditions, 
achieving excellent reaction yields of 78–
93% with high atom economy and low E-
factors[64] . 
Dwivedi et al. demonstrated that the 
starting material for the broad synthesis 
pathway of benzothiazolo[2,3-
c][1,2,4]triazole derivatives 4a–l is 2-

hydrazinobenzothiazole 36, which was 
initially made using the described 
technique [66]. First, 2-
hydrazinobenzothiazole 36 was produced 
by refluxing a combination of 2-
mercaptobenzothiazole 35 and hydrazine 
hydrate in ethanol. Benzothiazole–
thiazole derivatives were obtained by 
treating a mixture of 2-
hydrazinobenzothiazole 36, anthranilic 
acid 37, and several 
aromatic/heteroaromatic aldehydes 38 
under reflux conditions using a one-pot 
method. As shown in Scheme 1, the 
desired thiazolidinone-appended 
benzothiazolo[2,3-c][1,2,4]triazole 
compounds 40 were created by 
combining synthesized benzothiazole–
triazoles 39 with thioglycolic acid [67]. 

 
Scheme 7. Synthesis of benzothiazole-triazole and 
thiazolidinone-appended benzothiazole-triazole 

hybrids. 
Alhadhrami et el. show how to make a 
new type of molecule, 
hydrazonothiadiazole hybrid scaffolds, in 
a simple way that takes only two steps. 
Firstly, the starting materials, 3-
(pentyloxy)benzaldehyde 40 and methyl 
hydrazine carbodithioate 41, are 
combined by reacting the two together in 
methanol at room temperature to form the 
intermediate hydrazone carbodithioate 42 
through the process of nucleophilic 
addition-elimination [68]The new 
chemical structure has a stable C=N 
(hydrazone) bond with the removal of 
water as a byproduct, and was made 
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under mild, environmentally friendly 
conditions that did not require the use of 
harsh chemicals or catalysts to produce it 
[69]. Then the intermediate developed 42, 
undergoes a cyclocondensation reaction 
with hydrazonoyl chlorine 43 under basic 
and heated conditions through either an 
S-alkylation followed by intramolecular 
ring closure (with the expulsion of 
CH₃SH) or through a [3+2] dipolar 
cycloaddition between an in-situ 
generated nitrilimine and the C=S bond of 
42 resulting in the formation of the five 
membered thiadiazole ring in 44 and the 
conversion of the intermediate into a 
compound that exhibits pharmacological 
properties associated with the compounds 
that have been shown to have antitumor, 
antimicrobial and enzyme inhibiting 
biological activity [70] 

 
Scheme 8. Synthesis of Hydrazono [1,3,4]thiadiazole 

by green chemistry methods. 

4.2.3 One-pot multicomponent 
reactions 
Multicomponent reactions (MCRs) have 
emerged as a transformative approach in 
organic synthesis, whereby multiple 
reactants are combined in a single 
reaction vessel to create structurally 
complex products with high atom 
economy, reduced waste, and minimal 
operational steps [71]  A recent 
comprehensive review covering 2010 to 
2024 examined magnetically recoverable 
catalysts for one-pot multicomponent 
synthesis of heterocyclic organosulfur 
compounds, demonstrating significant 

enhancements in reaction yields, 
selectivity, and catalyst recyclability 
directly aligning chemical synthesis with 
green chemistry principles [71]. In a 
specific example, a hydrotalcite–
lanthanum nanocatalyst (HT-La) 
efficiently catalyzed the one-pot three-
component condensation of 
benzaldehyde, malononitrile, and 
thiophenol for the synthesis of 2-amino-
3,5-dicyano-6-sulfanyl pyridine 
derivatives, with the nanocatalyst 
demonstrating reusability over several 
cycles with only moderate activity loss 
[72]. 
Moghaddam et el. first examined the 
reactions of methylamine 45, carbon 
disulfide 46, malononitrile 47, and 1-
allylindoline-2,3-dione 48. To obtain the 
corresponding 1-allyl-20,60 diamino-2-
oxospiro[indoline-3,40-thiopyran]-
30,50-dicarbonitrile 49 in high yield, a 
mixture of 1 (0.6 mmol), 2 (0.7 mmol), 
and 48 (0.57 mmol) was added in the 
presence of K2CO3 and stirred for an 
additional three hours. The ideal reaction 
conditions were then reached by 
screening several bases and solvents. 
First, the impact of various bases on the 
reaction was examined. Various reaction 
solvents were also evaluated for 
improved outcomes. EtOH was 
determined to be appropriate for the 
model reaction and was chosen as both a 
green and an effective solvent in this 
process. Overall, at 25 °C and 3 hours of 
stirring, K2CO3 as the catalyst and EtOH 
as the solvent produced the greatest 
results [73] 
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Scheme 9. SyntheƟc pathway of thiopyran-

dicarbonitrile by One-pot multicomponent reactions. 

Mermer et el. created several new 
compounds that consist of thiazole linked 
to imine. The compounds 4(a-j) were 
created by using a Multicomponent 
reaction that brought 3 chemical elements 
together at once. The three elements are a 
substituted aniline 50, substituted 
phenacyl bromide 52, and the Aryl 
isothiocyanate 51. In the reaction scheme 
shown below, the reaction occurs using 
aniline (the first portion of the reaction 
scheme showed that the substituted 
phenyl group on the aniline, R1[2,6-
dimethyl], is an aryl isothiocyanate (with 
R3), and substituted phenacyl bromide 
(R4/R5). Since there was some worry 
about how to carry out reactions, by 
looking at the properties of the reactants 
based upon previously studied benzoic 
acid, to figure out what would yield the 
highest yield from the reaction to 
generate the final products. Before 
finalizing the variable conditions for the 
reaction, options must be evaluated for 
solvents and bases to carry out the 
reactions. We examined KOH, NaOH, 
K2CO3, NaHCO3, and TEA as bases 
using toluidine and phenyl isothiocyanate 
and phenacyl bromide to finally see that 
TEA provided the highest yield (77%) of 
target products. After testing methanol 
and other solvents, we finally determined 
that ethanol would prove to be the 
optimal solvent to provide maximum 
yield from these reactions. The final 
optimized set of conditions is as follows: 
Ethanol, TEA base, with 120-minute 

reaction time produced thiazole-imine 
derivatives 53 with good yields, with 
diverse substitution patterns (2,6-
dimethyl) for each product derivative 
[74] 

 
Scheme 10. SyntheƟc pathway of thiazole-imine by 

One-pot multicomponent reactions. 

4.3 Metal-Catalyzed Synthesis 
Transition metal-catalyzed reactions have 
emerged as one of the most powerful 
strategies for the construction of sulfur-
containing heterocyclic frameworks, 
offering superior selectivity, mild 
reaction conditions, and broad functional 
group tolerance compared to classical 
stoichiometric approaches  Among the 
transition metals explored, palladium and 
copper have dominated this field owing to 
their unique ability to activate carbon-
sulfur bonds through well-defined 
oxidative addition, transmetalation, and 
reductive elimination pathways, enabling 
efficient access to therapeutically 
important scaffolds such as 
benzothiazoles, thiophenes, 
benzothiophenes, and thiazolines [75]. 
4.3.1 Pd-catalyzed coupling 
Palladium-catalyzed coupling of thiols 
with aryl halides and pseudo-halides 
remains one of the most important 
methods in the synthesis of thioethers and 
sulfur-containing heterocyclic scaffolds, 
exploiting diverse mechanistic pathways 
including oxidative addition, 
transmetalation, and reductive 
elimination under mild, well-controlled 
conditions  Sulfur-directed palladium-
catalyzed cascade C–H activation and 
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cyclization with alkynes has emerged as a 
particularly powerful strategy, with the 
research significance of this approach 
lying in maintaining a balance between 
activating and poisoning the catalyst 
while capitalizing on the diverse and 
novel properties of the resulting scaffolds 
[76]. Recent notable advances include 
Pd(II)-catalyzed oxidative C–H 
functionalization and annulation of 
substituted substrates, and a Rh(III)-
catalyzed C–H activation/intramolecular 
annulation for the synthesis of fused 
sulfur-containing isochromeno-
benzothiazine scaffolds, demonstrating 
the breadth of noble-metal catalysis in 
this domain [77]. 
Janni et el. have discovered a double 
cyclization process (S-cyclization 
followed by N-cyclization). Starting from 
N-substituted 2,3-bis(2-halo phenyl)-3-
oxopropanethioamides 54, (2-
aminobenzo[b]thio phen-3-yl)(2-
halophenyl)methanones 55 (from P(0)-
catalyzed S-cyclization) were created as 
intermediates. These were subsequently 
transformed in situ by Pd(0) N-
cyclization into the ultimately isolated 
tetracyclic compounds (6-substituted 
benzo[4,5]thieno[2,3-b]quinolin-11(6H)-
ones) 56 [78] 

 
Scheme 11. SyntheƟc pathway of thieno-quinolinones 

by Pd-catalyzed coupling. 

Zhang et el. reported in 2019 that 4-
(phenyl thio)-2H-chromen-2-ones 57 was 
converted into 6H-benzo[4,5]thieno[3,2-
c]chromen-6-ones 58 using Ag2CO3 as 
an oxidant and Pd(OAc)2 as a catalyst 
[79]. 

 
Scheme 12. SyntheƟc pathway of thieno-chromenones 

by Pd-catalyzed coupling. 

 
 

4.3.2 Cu-catalyzed cyclization 
Copper-catalyzed cyclization reactions 
are increasingly becoming a focus in 
contemporary synthetic organic 
chemistry due to copper's (Cu) unique 
redox capabilities (Cu(0)/Cu(I)/Cu(II)), 
extended earth abundance, affordable 
price, and environmentally friendly 
nature as compared with precious metals 
[80]. Copper's ability to effect both two-
electron and one-electron transfer 
systems results in multiple potential 
mechanisms of action, including radical 
development, Lewis’s acid activations 
and bond formation between C and 
heteroatoms, and thus, copper provides a 
unique approach to the building of both 
carbocyclic and heterocyclic frameworks 
[81]. Enhanced enantioselectivity and 
functionality tolerance achieved using 
newly developed ligands (including 
bisoxazoline-type ligands and 
phenanthroline-type ligands) has allowed 
synthetic access to chiral heterocycles – 
including nitrogen, oxygen, and sulphur-
containing heterocycles – important in 
medicinal chemistry [82, 83]. By 
combining copper catalysis and visible-
light photoredox strategies, the synthetic 



Research Paper 

 

 IJDDT, Volume 16 Issue 55s, 2026 

Page | 1109  

potential has been further enhanced 
through radical-mediated cyclizations 
that can be performed at mild reaction 
conditions [84]; in addition, the formation 
of intramolecular C–N bonds using 
copper catalysis allows for a wide range 
of substrates and a high degree of 
regioselectivity [81]. Collectively, all 
these advances have made copper 
catalysis a powerful and sustainable 
platform for cyclization chemistry, with 
numerous uses in the fields of natural 
products synthesis, drug discovery, and 
materials science [80] [81] 
Sun et el. create poly-substituted 
thiophenes; they have effectively used 
Cu(OTf)2 in a domino reaction between 
diazo compounds 60 and acyclic ketene 
(S,S)-acetals 59. When copper catalysts 
were investigated, it was discovered that 
Cu(OTf)2 was superior to other Cu(II) 
salts and that the reaction proceeded best 
in DCE. DMF, THF, and CH3CN were 
found to be unsuitable for this reaction. 
The poly-substituted thiophenes 61 and 
62 were discovered to be the predominant 
and minor products, respectively, when 
the R1 group in 59 was CO2Me, CO2Et, 
and 4-OMeC6H4. However, the tandem 
reaction produced the exclusive poly-
substituted thiophenes 61 in moderate to 
good yields when the R1 group was 
substituted for -CN, -COPh, and -
CONH2. [85] 

 
Scheme 13. SyntheƟc pathway of poly-substituted 

thiophenes by Cu-catalyzed cyclization. 

Silvia et al. tried to separate 2-
methylbenzothiazole (14) in the reaction 
mixture in 50% as the sole reaction 
product after a combination of 63 and 1, 
Cul (10 mol %), 1,10-phenanthroline (20 
mol%) in a 1:1.5 ratio was heated for two 
hours under microwave radiation to speed 
up the ring-closure reaction. The yield of 
65 (57%) is not considerably increased by 
increasing the amount of 1 (13:1 in a 1:3 
ratio). [86] 

 
Scheme 14. SyntheƟc pathway of benzothiazole by 

Cu-catalyzed cyclization. 

4.4 Cyclization Strategies 
The cyclization of compounds gives rise 
to many different types of compounds. 
Transition metals used for catalysis, when 
performing cyclization, allow us to form 
both carbocycles and heterocycles in a 
stereoselective manner, whilst allowing 
us to activate and perform selective 
reactions with organic materials, using a 
variety of methods such as transition 
metal-catalyzed reactions [87]Using 
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heterocycles in products has been 
growing exponentially because of their 
prevalence in nature and in drug 
development; it has also been estimated 
that they account for most registered 
organic compounds [88]Cyclization can 
be accomplished in several ways using 
transition-metal catalysts (i.e., palladium 
(Pd), copper (Cu), Gold (Au), Rhodium 
(Rh), and cobalt (Co)) to facilitate the 
formation of intramolecular C–C bonds 
and/or intramolecular C–N, C–O, and/or 
C–S bonds with a very high degree of 
regioselectivity and stereoselectivity 
when utilizing these catalysts [1, 2]. 
Recently, photoredox-mediated radical-
polar crossover cyclizations have 
changed the way we synthesize things by 
providing very mild conditions and being 
very compatible with a variety of 
functional groups [89]In recent years, 
visible-light-induced cyclization 
strategies involving nitrogen-centered 
radicals have also made remarkable 
progress across transition-metal-
catalyzed, metal-free, and photoinduced 
systems [90]. Collectively, these 
advances have established cyclization 
chemistry as a cornerstone of modern 
synthesis, with broad applications in drug 
discovery, natural product synthesis, and 
materials science [91, 92]. 
4.4.1 Intramolecular cyclization 
One of the most effective and resource-
efficient methods for producing 
structurally diverse types of both 
carbocyclic and heterocyclic ring systems 
in current organic synthesis is through an 
intramolecular cyclization reaction. 
Using transition metals as catalysts to 
promote intramolecular cyclization, it is 
possible to create stereoselective 
syntheses of complex frameworks from 
organic compounds with the potential for 
selective functionalization or 
modification under mild conditions. 

Unlike intermolecular approaches, 
intramolecular cyclizations benefit from 
favorable entropic factors and proximity-
driven reactivity, often proceeding with 
high regio- and stereoselectivity. 
Palladium-catalyzed intramolecular C–H 
functionalization has further 
demonstrated the power of this approach 
by eliminating the need for pre-
functionalized substrates [93]. Metal-free 
intramolecular cyclization strategies have 
also gained significant traction, offering 
broad functional group tolerance for the 
synthesis of pharmaceutically important 
heterocycles such as indoles [94]. 
Recently, mild metal-free cyclizations 
have enabled efficient assembly of 
diverse N–O heterocycles ranging from 
4- to 8-membered rings with yields up to 
95% [95]. ACS Publications. 
Furthermore, Lewis’s acid-catalyzed 
Lewis’s hydroamination cascades have 
extended intramolecular cyclization to 
privileged scaffolds such as pyrroles and 
benzo-fused indoles [96]. ACS 
Publications. Collectively, these 
strategies have established intramolecular 
cyclization as a cornerstone of 
heterocyclic synthesis with broad 
applications in drug discovery and natural 
product synthesis [97]. 
Meng et al. The substrate is 1,6-enyne1a 
(0.1 mmol, 1.0 equiv.) 66, the reagent is 
tert-butyl thiol 67 (0.2 mmol, 2.0 equiv.), 
the base is K2CO3 (0.2 mmol, 2.0 equiv.), 
the additive is p-toluene thiol, and Ir 
[(dFCF3ppy)2(dtbpy)] The intended 
product 68 is obtained in 97% NMR yield 
and 95% isolated yield when PF6 is used 
as a photosensitizer in di chloroethane 
(DCE) (5.0mL) and exposed to a 30W 
blue LED for 12 hours.[98] 
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Scheme 15. SyntheƟc pathway of sulfur containing 

hetrocycle by Intramolecular cyclization. 

Jiang et al. show a visible-light 
photoredox-catalyzed cascade 
cyclization between 
aryl(alkynyl)iodonium tetrafluoroborate 
salts 69 and propargylic alcohols 70 to 
afford thiochromenone derivatives 71. 
Using fac-Ir(ppy)₃ (1.0 mol%) as the 
photocatalyst under blue LED irradiation, 
4-nitrobenzoic acid (1.0 equiv) as a mild 
oxidant, and Na₂S₂O₃ (1.0 equiv) as both 
a sulfur source and reductant in 
acetonitrile under argon at room 
temperature over 12 hours, the reaction 
proceeds via single-electron transfer 
(SET) from the excited Ir(III)* to the 
electrophilic iodonium salt, generating a 
reactive alkynyl radical that adds to the 
alkyne of the propargylic alcohol partner, 
followed by intramolecular C–S bond-
forming cyclization to construct the six-
membered sulfur-containing ring, 
ultimately delivering the thiochromenone 
scaffold 71 bearing an exocyclic alkene 
[99]. 

 
Scheme 16. SyntheƟc pathway of the thiochromenone 

scaffold bearing an exocyclic alkene by 
Intramolecular cyclization. 

 
4.4.2 Intermolecular cyclization 
Intermolecular cyclization reactions have 
emerged as a highly versatile strategy in 
modern synthetic chemistry, enabling the 
construction of diverse carbocyclic and 
heterocyclic frameworks by reacting two 
or more distinct molecular components. 
Transition metal complexes have 
revolutionized this area by activating and 
selectively functionalizing organic 
substrates, facilitating the rapid assembly 
of complex cyclic structures otherwise 
challenging to construct through 
conventional methods. Unlike 
intramolecular approaches, 
intermolecular cyclizations offer greater 
flexibility in substrate design and allow 
simultaneous incorporation of multiple 
structural fragments into the final ring 
system. Cycloadditions, being inherently 
intermolecular in nature, are generally 
more amenable to convergent synthetic 
strategies, offering distinct advantages in 
terms of atom economy and synthetic 
efficiency [100]. Multicomponent 
intermolecular cyclization reactions 
using alkynyl aldehydes have served as 
privileged strategies for constructing a 
broad spectrum of N-, O-, and S-
heterocycles under metal-catalyzed, 
metal-free, and visible-light-mediated 
systems [101]. Pyridinium and 
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quinolinium 1,4-zwitterions have also 
been successfully employed as versatile 
intermolecular blocks in the synthesis of 
three- to eight-membered heterocycles of 
relevance to natural products and drug 
design [102]. Furthermore, visible-light-
driven intermolecular cycloadditions 
have opened new avenues for the 
synthesis of four-membered ring systems 
under mild and sustainable conditions  
Collectively, these advances have 
established intermolecular cyclization as 
an indispensable tool in heterocyclic 
synthesis with broad applications in 
pharmaceuticals and materials science 
[103]. 
Ruiting et al. The copper-catalyzed 
Ullmann-style reaction shown here 
involves the coupling of 2-
bromothiophenol 72 into dibenzodithiin 
73, which is a symmetric six-membered 
heterocycle with two sulfanes (sulfur 
atoms), by way of two successive 
intermolecular C(sp²)–S bond 
formations, once where the thiol of one 
molecule couples to the aryl bromide of 
another by way of an Ullmann-type 
reaction and a second C–S bond that 
occurs either intermolecularly in order to 
close the six-membered dithiin ring; the 
initial intermolecular process is 
completed by CuCl (10%), which 
functions as a Cu(I) catalyst, L15 (20%) 
that stabilizes the activation of the active 
copper species and lowers the energy of 
activation required for the coupling 
process and K₃PO₄, which is an inorganic 
base used to deprotonate the thiol and to 
drive the coupling reaction; the reaction 
for 1,4-dioxane is performed at 125°C for 
24 hours in a nitrogen atmosphere in 
order to prevent the oxidation of the thiol 
and the copper catalyst, delivering the 
symmetric dibenzodithiin 73 product 
through the efficient C–S bond formation 

consistent with a ligand-assisted Ullmann 
cross-coupling procedure [104]. 

 
Scheme 17. SyntheƟc pathway of dibenzodithiin by 

Intermolecular cyclization. 

ABDEL-LATIF et al. stated that 
Compound 74 undergoes 
cyclocondensation with 3-mercapto-3-
phenylamino-acrylonitrile derivatives 75 
when sodium ethoxide is present. The 
corresponding 3-amino 5-phenylamino-
2-(4-phenylthiazol-2-yl-carbamoyl)-4 
substituted thiophene derivatives 77 were 
produced. Nucleophilic attack of the thiol 
function could result in the sulfide 
intermediate 74, which could then 
undergo intramolecular cyclization 
through nucleophilic addition of the 
methylene group to the activated nitrile to 
produce the corresponding 3-amino-4-
substituted-thiophenes 77. [105] 

 
Scheme 18. SyntheƟc pathway of substituted-

thiophenes by Intermolecular cyclization. 

 
5. Biological Activities (Highly 
Important Section) 
Modern medicinal chemistry holds 
sulfur-containing heterocyclic 
compounds in high esteem due to their 
important roles in pharmacological 
activities. Some of their diverse 
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pharmacological activity profiles can be 
attributed to the electronic nature of the 
sulfur atom, making this atom capable of 
engaging in hydrophobic interactions, 
coordinating with metal centers, and 
forming covalent bonds with biological 
targets [106]. The sub-sections 
throughout this article present a 
systematic, compound-specific 
organization of biological activity 
reported recently, verifying that each 
compound mentioned in the narrative has 
been included in the form of a summary 
table. 
5.1 Antimicrobial Activity 
Antimicrobial resistance represents one 
of the most critical global health threats 
of the 21st century, and sulfur-containing 
heterocycles have emerged as productive 
scaffolds for addressing this challenge. 
The most intensively investigated classes 
include thiazoles, thiadiazoles, 
benzothiazoles, and their fused or hybrid 
analogs, all of which exploit the sulfur 
and nitrogen atoms for key interactions 
with bacterial enzymes and fungal target 
proteins [107]. 
The benzimidazole-thiadiazole hybrid 
compounds are the strongest 
representatives of benzimidazole 
derivatives. A study conducted in 2024 
synthesized and tested 9 different hybrids 
for their antibacterial and antifungal 
properties against 8 bacterial strains and 
3 fungi. Two of these compounds, 5f and 
5h, were found to be very potent against 
Pseudomonas and Candida albicans 
(MIC=3.90 µg/mL), like Voriconazole, 
but twice as effective as Fluconazole. In 
addition, both compounds have excellent 
antibacterial properties against 
Enterococcus faecalis (ATCC 2942; 
MIC=3.90 µg/mL). A molecular dock of 
compound 5h (substituted with 4-
methoxyphenyl) showed that the 
compound has three hydrophobic 

interactions with His377 and Tyr1188 and 
one hydrogen bond with Tyr132 at the 
active site of the 14α-demethylase 
enzyme, verifying its proposed 
mechanism of action as an antifungal 
agent. [108] 
The disulfide scaffold inspired by allicin 
provides an alternate & novel means to 
create antimicrobials. A collection of 
disulfides (heterocycles) with pyridine, 
pyrimidine, thiophene, thiazole, 
benzothiazole, & quinoline motifs was 
designed & produced based on the 
biological activity of the allicin disulfide 
compound. Of these, the most promising 
antifungal compound in vitro against M. 
fructicola was compound S8 (a thiazole 
disulfide) with an effective concentration 
50 (EC50) of 5.92 μg/mL. Subsequent 
vivo testing showed that S8 had similar 
curative properties & an increased level 
of protection compared to thiophanate 
methyl (the standard), when applied at a 
rate of 200 μg/mL. Mechanistic assays 
demonstrated that S8 inhibited hyphal 
growth at both time & dose response and 
compromised the membrane integrity of 
the hyphae. [109] 
For antibacterial sulfonamide hybrids, 
benzimidazole, indazole, benzothiazole, 
and thiazole-bearing sulfonamide 
derivatives have proven effective. In a 
broth dilution screening, molecules were 
found highly active (MIC values 50–3.1 
μg/mL) against B. cereus, S. aureus, E. 
coli, and P. aeruginosa, with the highest 
potency recorded against E. coli. A 
notable synergistic effect was observed in 
fractional inhibitory concentration (FIC) 
determination, where test compounds in 
combination with reference drugs 
chloramphenicol or sulfamethoxazole 
showed 4–32-fold enhancement in 
potency. [110] 
Benzothiazole–thiazole hybrid 
compounds also represent a significant 
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advance in broad-spectrum 
antimicrobials. A series of benzothiazole-
thiazole hybrids 4a–4f was evaluated 
against Gram-positive (S. aureus, B. 
subtilis, E. faecalis), Gram-negative (E. 
coli, P. aeruginosa), and fungal strains (A. 
niger, A. oryzae, C. albicans, Rhizopus 
sp.) as well as the slow-growing pathogen 
Mycobacterium tuberculosis, using 
Kirby–Bauer disk diffusion and REMA 
assays. [111] 
A parallel study explored a structurally 
distinct series of benzimidazole-1,3,4-
thiadiazoles. Compounds 4f and 4i with 
MIC values of less than 0.97 μg/mL were 
found most effective against E. coli, 
while showing the best antifungal activity 
with MIC = 1.95 μg/mL against C. 
albicans — demonstrating that the 
benzimidazole-thiadiazole 
pharmacophore combination yields 
broad-spectrum potency [112] 
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5.2 Anticancer Activity 
Cancer remains the second leading cause 
of mortality worldwide,[113] and sulfur-
containing heterocycles have 
demonstrated exceptional anticancer 
versatility by inhibiting diverse 
oncological targets: tyrosine kinases, 
CDKs, VEGFR-2, EGFR, and 
topoisomerases. The key scaffold classes 
include thiazolidinones, thiadiazoles, 
benzothiazoles, and their hybrids [114] 
Evaluating cancer cytotoxicity on a wide 
variety of cell lines, the thiazolidinone 
and thiadiazole derivatives of the organic 
compound 4-(4-
acetamidophenyl)thiosemicarbazide 
recently made a great impact in the study 
of new medications. 6-Thiazolidinone 
compounds were specifically tested on 
MCF-7 breast cancer cells (note: their 
IC50 concentrations of 6.70±0.5µM for 
compound 6c and 7.51±0.8µM for 
compound 6e are very near the reference 
drug, doxorubicin, with an IC50∼of 
4.17±0.2µM). The incorporation of 
molecular docking procedures using the 
PDB code (from the protein data bank) of 
a molecular target with accession number 
1DLS further examines the potential use 
of a molecule to treat cancer [115] 
The benzothiazole studies looked at three 
kinds of 2-aminobenzothiazole hybrids. 
These benzothiazole hybrids were made 
up of thiadiazole aryl urea, 
cyanothiouracil, and thiazolidine-2,4-
dione. The results of the benzothiazole 
studies showed that benzothiazole 
compound 4a was very potent. This 
benzothiazole compound 4a had 
thiazolidine-2,4-dione in it. The IC50 
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values of benzothiazole compound 4a 
were 5.61, 7.92, and 3.84 μM against the 
HCT-116, HepG-2, and MCF-7 cell lines 
that were tested. The benzothiazole 
compound 8a was also looked at. This 
benzothiazole compound 8a had 
cyanothiouracil in it. Was methyl-
substituted. Benzothiazole compound 8a 
was the effective cyanothiouracil analog 
that was tested. The IC50 values of 
benzothiazole compound 8a were 
between 10.86 and 18.10 μM, against the 
HCT-116, HepG-2, and MCF-7 cell lines 
that were used in the test. Compounds 4a, 
4e, and 8a clearly caused apoptosis and 
cell cycle arrest in MCF-7 cells at the S 
phase (4a and 4a ) and G1/S phase (8a). 
Compound 4a showed substantial 
VEGFR-2 inhibition with an IC50 of 91 
nM, which is consistent with the 
cytotoxic action, compared to sorafenib's 
53 nM [116]. 
VEGFR-2 inhibitors that are thiadiazole 
based were designed and evaluated as 
2,3-dihydro-1,3,4-the studies were 
conducted on Compound 11a, the most 
potent and selective of this class of 
compounds, which has demonstrated 
anticancer activity with IC50 (MCF-7 
9.49µm, HepG-2 12.89µm) greater than 3 
(selective index) over WI-38 normal 
human cells; Compound 11a also show 
comparable inhibition of VEGFR-2 
enzymatic activity (IC50=0.055 µm) to 
Sorafenib. It is further indicated via flow 
cytometry that Compound 11a induces 
>70% apoptosis and results in S phase 
and G2/M phase cell cycle arrest, while 
ELISA studies demonstrate that 
Compound 11a activates the 
mitochondrial pathway of apoptosis [117] 
When developing an 
imidazo(thiazolo)lone-thiazolidinone 
based EGFR series, 4c 
(imidazo(thiazolo)lone-thiazolidinone) 
was identified to be a potent inhibitor of 

EGFR kinase activity (IC50 = 18.35 ± 
1.25 μM) relative to erlotinib (IC50 = 
6.12 ± 0.92 μM) & had superior antitumor 
efficacy (IC50 = 10.74 ± 0.40 μM) 
against A549 cells than erlotinib.  The 
results of molecular docking, 100ns MD 
simulations & MMGBSA calculations 
support that compound 4c displayed a 
long-lasting duration of interaction (96% 
& 97%) at the EGFR binding site, like 
erlotinib. [118] 
A thiazole derivative incorporating a 
dimethylaniline moiety also 
demonstrated notable hepatocellular 
carcinoma activity. Thiazole derivative 2 
(4-methyl-substituted thiazole-
dimethylaniline hybrid) showed 
equipotent activity (IC50 = 1.2 μM) 
against the HepG-2 cell line, matching 
doxorubicin (IC50 = 1.1 μM), while 
exhibiting only 80% inhibition against 
MDA-MB-231. Molecular docking into 
CDK1/CyclinB1/CKS2 (PDB ID: 4y72) 
supported the inhibitory mechanism of 
action [119]. 
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5.3 Anti-inflammatory Activity 
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Chronic inflammation mediated via the 
cyclooxygenase (COX) pathway 
underpins conditions ranging from 
arthritis to cardiovascular disease and 
cancer [120]. The structural features of 
thiazole, benzothiazole, thiazolidinone, 
and thiophene scaffolds make them 
naturally suited to occupying the 
secondary hydrophobic pocket of the 
COX-2 active site, enabling high 
selectivity over COX-1[121].  
A diphenyl-amino thiazole compound 3b 
(R = Me) exhibited the highest COX-2 
inhibitory activity (IC50 = 0.09 μM, SI = 
61.66), comparable to etoricoxib (IC50 = 
0.07 μM, SI = 91.28). Docking 
simulations showed that the carbonyl 
group was involved in a hydrogen-bond 
interaction with His351, while the 
diphenyl-amino moieties oriented within 
the hydrophobic pocket through amino 
acids His90, Thr94, Pro514, Asp515, 
Pro191, Tyr355, Gly354, Gln192, and 
Ser353 [122]. 
According to the same systematic review, 
compounds with a benzo[d]thiazole 
structure were also shown as selective 
COX-2 inhibitors. The benzo[d]thiazole 
analogs (4) were determined to be very 
potent, selective COX-2 inhibitors with 
IC50 values ranging from 0.28 to 0.77μM 
and SI values between 7.2 and 18.6 and 
demonstrated appreciable anti-
inflammatory activity when evaluated in 
vivo (inhibition of edema = 1.95–94.6%). 
Compound 4a, the benzyloxy analog 
containing a meta-fluorine on the phenyl 
ring, had the highest activity (IC50 = 0.28 
μM, SI = 18.6) and was like celecoxib in 
terms of both IC50 (0.27 μM) and SI 
(19.7) [122]. 
A new series of dual COX/5-LOX 
inhibitor compounds, which include both 
in vitro and in vivo studies were created 
by utilizing the 2-priority green building 
block-based methodology within the 

synthesis of the thiazole and thiazolidiene 
compound series. Compound 6l, which is 
identified as the most potent of the dual 
COX-2/5-LOX inhibitor compounds, has 
been demonstrated as a selective dual 
inhibitor by exhibiting very low IC50 
values of 0.09 from the COX-2 enzyme 
and 0.38 from the 5-LOX enzyme. In 
vivo evaluation of the anti-inflammatory 
properties of 6l was confirmed in the 
carrageenan-induced model by 
demonstrating a 60.82% reduction in 
edema of the paw in Wistar rats. 
Furthermore, the anti-inflammatory 
activity of 6l is supported by the use of 
qRT-PCR in the assessment of gene 
expression of COX-2 and 5-LOX that 
exhibits a marked downregulation, along 
with reduced levels of PGE2 and LTB4 
found in the paw tissue assayed [123]. 
A total of seven new thiazole compounds 
were assessed for their ability to inhibit 
COX-2 as part of an independent study of 
new thiazole compounds that are 
structurally similar to one of the blocks 
used in the synthesis of (4-(4-
chlorothiophen-2-yl) thiazol-2-amine). 
The seven thiazole compound inhibitors 
(5a-5g) demonstrated strong inhibitory 
activity compared to Celecoxib 
(IC50=0.05 µM), ranging from 0.76 µM 
(5g) to ≤9.01 µM (5a, 5c), an order of 
magnitude. The best selective inhibitors, 
as defined by SI values of 42, 112, and 
124, respectively, were 5b, 5d, and 5e. 
Compound 5d exhibited the greatest 5-
LOX inhibitory activity (IC50 = 23.08 
μM), approximately 50% less than 
zileuton's potency as a reference 
compound. Molecular docking analysis 
of compound 5d demonstrated π–sulfur 
interactions with Tyr355 and Phe518 
through the sulfur of the thiazole and 
thiophene rings, supporting its dual 
inhibitory pharmacology [124]. 
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There was a significant 
thiazolylhydrazine methyl sulfone-based 
COX-2 inhibitor featured in a recent 
comprehensive review. Compound 34 is a 
thiazolylhydrazine methyl sulfone-based 
analogue that had a meta-hydroxyl 
substituent and displayed 
significant/consistent COX-2 selectivity 
(IC50 = 0.140 ± 0.006 µmol/L; SI > 
714.28), comparable to celecoxib (IC50 = 
0.132 ± 0.005 µmol/L) [125]. 
Compounds 35 – 37 from a thiazolyl-
aminothiazole-pyrimidine-carbonitrile 
hybrid series had respective IC50 values 
of 1.17, 1.13, and 1.03 µmol/L and 
displayed good and selective COX-2 
selectivities and SI values of 5.78, 7.84, 
and 8.21, respectively, in relation to 
celecoxib. Additionally, these compounds 
produced up to 90%, 94%, and 86% of 
meloxicam in vivo anti-inflammatory 
activities 4 hours post-dosing, with an 
overall superior gastric safety 
profile[126]. 
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5.4 Antiviral Activity 
Unmatched activity in antiviral drug 
research was sparked by the COVID-19 
pandemic [127]. One class of compounds 
that has emerged as a strong candidate to 
fight against the main protease 
(Mpro/3CLpro) of SARS-CoV-2, the 
virus causing COVID-19, is sulfur-
containing heterocycles, most notably 
thiadiazoles, thiazolidinones, and diverse 
benzothiazole derivatives [128] 
A systematic screening of the 
benzothiazole-thiazolidinone series 
identified five inhibitors of SARS-CoV-2 
Mpro with 0.01-34.4 μM IC50 values out 
of fifteen derivatives evaluated. The most 
potent of these compounds was k3, a 
hybrid of 6-CN-benzothiazol-2-yl-
phenyl-thiazolidin-4-one with an 
extraordinarily low IC50 value of 0.010 
μM resulting from the influence of 6-
cyano substitution on the benzothiazole 
ring and 2-Cl and 6-F substitution on the 
benzene ring, which form interactions 
with key catalytic residues, Cys145 and 
Glu166, of Mpro. Structure-activity 
analyses confirmed the greater potencies 
of the 3-(benzo[d]thiazol-2-yl)-2-phenyl-
substituted thiazolidin-4-one (c1, k3, n2) 
over 1,3,4-thiadiazol-based 
thiazolidinones, as demonstrated by c1's 
IC50 value of 4.736 μM [129]. 
A novel covalent warhead (2,3,5-
substituted [1,2,4]thiadiazoles) for Mpro 

was developed. Ren's team has made an 
extensive examination of several 
nonmimetic covalent inhibitors to Mpro 
based on their 2,3,5-substituted 
[1,2,4]thiadiazole structures. The data 
show that the most effective analog 
(compound 6a) had an IC50 value of 
0.193 μM in an FRET protease assay 
(Table 1). Additionally, calculations of 
the frontier molecular orbitals (FMOs) 
and molecular electrostatic potential 
(MEP) for 6a suggest that the 2,3,5-
substituted [1,2,4]thiadiazole may serve 
as a covalent warhead and thereby 
provide additional Mpro inhibitory 
activity due to the increasing 
electronegativity of the thiadiazole 
moiety [130]. 
The 2-sulfoxyl-1,3,4-oxadiazole scaffold 
yielded a structurally distinct class of 
covalent 3CLpro inhibitors. Among a 
series of heteroaromatic sulfones and 
sulfoxides designed and prepared as 
covalent SARS-CoV-2 3CLpro 
inhibitors, compound D6 (a sulfoxide 
bearing the 2-sulfonyl-1,3,4-oxadiazole 
scaffold) demonstrated potent 
irreversible inhibitory activity (IC50 = 
0.030 μM) against SARS-CoV-2 3CLpro, 
along with favorable selectivity toward 
host cysteine proteases cathepsin B and 
L. The inhibitory mechanism involves 
covalent bond formation with Cys145 in 
the 3CLpro active site via nucleophilic 
aromatic substitution [131].  
In the thiadiazole-sulfamoylphenyl 
series, spiro-N-(4-sulfamoylphenyl)-
1,3,4-thiadiazole carboxamide 
derivatives were synthesized and 
evaluated in silico. Newly designed 
compound H was subjected to in silico 
studies against coronavirus, yielding 
EC50 = 7.1 mM against SARS-CoV-2 
and IC50 = 29.0 mM against SARS-CoV-
2 Mpro. The two 2-aminothiadiazole 
compounds CoViTris2022 I and 
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ChloViD2022 J showed significant 
binding for the coronaviral-2 
polymerase/exoribonuclease with the 
four principal RNA nucleotides, while 
compound L exhibited a particularly high 
binding capacity of −9.1 kcal/mol toward 
the target enzyme [132]. 
Two novel thiazole carboxylate 
derivatives were also evaluated for 
SARS-CoV-2 Mpro binding through 
structural and computational studies, with 
ethyl 5-((4-fluorophenyl)carbamoyl)-
thiazole-4-carboxylate 2b and ethyl 5-(p-
tolylcarbamoyl)thiazole-4-carboxylate 
6b identified as promising candidates 
through DFT and molecular docking at 
the Mpro active site (PDB: 6LU7) [133].  
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5.5 Antioxidant Activity 
Oxidative stress arising from imbalances 
between reactive oxygen species (ROS) 
generation and antioxidant defense is a 
mechanistic root cause of cancer, 
neurodegeneration, cardiovascular 
disease, and accelerated aging [134]. 
Sulfur-containing heterocycles scavenge 
free radicals through hydrogen atom 
transfer (HAT), single-electron transfer 
(SET), and metal chelation mechanisms, 
with the sulfur atom and associated 
conjugated systems playing central roles 
in electron donation [135]. 
The studies aimed at evaluating the 
radical scavenging activity of the series of 
benzothiazole–monoterpenoid hybrids 
using two different assays: DPPH and 
ABTS, and provided very useful SAR 
data.  The results demonstrated that the 
best examples of radical-scavenging 
activity using the ABTS method were the 
hybrids of thymol, 4a (IC50 = 133.70 ± 
10 μM) and 4b (IC50 = 157.50 ± 10 μM).  
However, DPPH scavenging activity is 
much worse for these hybrids (IC50 > 
1000 μM), meaning that the hybrids used 
for ABTS display scaffold-dependent 
selectivity for the ABTS radical cation 
versus the DPPH neutral radical [136]. 
Thiophene-based Gewald synthesis 
derivatives offered multi-activity 
antioxidant profiles. Among a series of 
ethyl-2-(substituted benzylideneamino)-
4,5,6,7-tetrahydrobenzo[b]thiophene-3-
carboxylate derivatives, compounds S4 
and S6 exhibited excellent DPPH 
antioxidant activity with IC50 values of 
48.45 and 45.33 μg/mL, respectively, 
comparing favorably with ascorbic acid 
as the standard. The same series also 
showed significant antibacterial activity, 
with compound S1 being the most potent 
antibacterial agent (MIC = 0.81 μM/mL 
against S. aureus, B. subtilis, E. coli, and 
Salmonella typhi) [137]. 

Lastly, the imidazo[2,1-
b][1,3,4]thiadiazoles were evaluated for 
antioxidant and cholinesterase-inhibiting 
activities. Compound 20aa was the most 
potent inhibitor of cholinesterases tested 
in this study (AChE IC50 = 0.75 µM; 
BChE IC50 = 4.11 µM; SI = 5.48). It 
exhibited about 5 times the activity 
against AChE and 4 times the activity 
against BChE compared to galantamine. 
The radical scavenging activity of these 
compounds was also demonstrated using 
a DPPH assay, demonstrating the 
multifunctional nature of the 
imidazothiadiazole chemistry[138]. 
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6. Structure–Activity Relationship 
(SAR) 
6.1. Benzothiazole-Thiazole Disulfide 
Hybrid 
The core scaffold comprises a 
benzothiazole-thiazole disulfide hybrid 
with three sulfur atoms that enable H-
bonding (Arg326, Gln7/CYP450), π–π 
stacking, and hydrophobic contacts at 
enzyme active sites, while the –CH₂–S– 
linker provides conformational 
flexibility. Regarding R group 
substitution, electron-withdrawing 
groups proved superior; meta-NO₂ 
delivered the best potency (MIC 3.90 
µg/mL), and para-Cl/F maintained strong 
activity with favorable binding-pocket 
interactions. In contrast, electron-
donating groups such as –CH₃ showed the 
weakest activity (MIC 125–250 µg/mL), 
while –OCH₃ offered only moderate and 
selective activity due to reduced polarity 
and weaker enzyme binding. In terms of 
lipophilicity, halogens (–Cl, –Br) 
provided an optimal balance between 
membrane permeation and target 
engagement, whereas –NO₂, despite high 
docking scores, showed limited cellular 
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uptake, and –OCH₃ may favor fungal 
selectivity via CYP450 fitting [111]. 

 
Figure 2 Structure-acƟvity relaƟonship of 
Benzothiazole-Thiazole Disulfide Hybrid 

6.2. Sulfanilamide-Isoxazole Hybrid 
The core scaffold is a sulfanilamide-
isoxazole hybrid where the SO₂ bridge 
connecting the aniline (A) and isoxazole 
(B) units acts as the central 
pharmacophore. The S=O dipoles 
function as H-bond acceptors for key 
residues Arg68 and Arg254, forming 2–4 
hydrogen bonds at distances of 2.5–3.1 Å, 
making the sulfonamide linkage 
indispensable for target engagement. 
Concerning electron-withdrawing 
effects, the –NO₂ series (c) demonstrated 
the highest activity with optimal H-
bonding, –Cl (b series) showed 
intermediate activity aided by halogen 
bonding interactions, while –CH₃ (a 
series) proved the weakest as electron-
donating groups reduced binding 
engagement. Regarding halogen position, 
the 5,6-diBr + 2-Cl benzimidazole 
combination (compounds 7a/7c) 
delivered the highest overall activity, 
where Br at positions 5,6 contributed 
hydrophobic contacts and halogen 
bonding. In contrast, Cl at position 2 
enabled π-stacking interactions with 
Arg68. In terms of lipophilicity and 
ADMET, compounds maintained logP 
values of 2.0–4.8, satisfying Lipinski's 
Ro5, with intestinal absorption exceeding 
90%. Br/Cl substitution increased logP, 
favoring membrane permeation, while –
NO₂ increased polarity, directing 

compounds toward DHPS enzyme 
targeting [110]. 

 

 
Figure 3 Structure-acƟvity relaƟonship of 

Sulfanilamide-Isoxazole Hybrid 

6.3. Heterocyclic Disulfide (Allicin-
Inspired) Scaffold 
The core scaffold consists of a 
heterocyclic disulfide (–S–S–) system 
connecting a nitrogen-containing ring to 
an alkyl/aryl R group. The –S–S– bond is 
the essential pharmacophore, reacting 
with enzyme cysteine residues, disrupting 
membrane integrity and causing cellular 
content leakage, with both sulfur atoms 
being indispensable for activity. Among 
heterocyclic rings, pyridine and 
pyrimidine delivered the best combined 
antifungal and antibacterial activity, 
followed by thiazole (moderate), while 
thiophene, benzothiazole, and quinoline 
progressively reduced potency, indicating 
nitrogen-rich, simpler heterocycles are 
strongly preferred. Regarding R group 
substitution, small alkyl chains (allyl, n-
propyl) conferred the highest potency 
(S5: MIC₉₀ = 1.56 µg/mL), whereas 
bulky/branched alkyl and halogenated 
aryl groups (4-F, 4-Cl) showed 
progressively inferior activity. In terms of 
lipophilicity, small alkyl chains 
maintained optimal membrane 
permeation, while excess bulk or 
aromaticity led to over-lipophilicity and 
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poor bioavailability, as confirmed by the 
good in vivo efficacy of S5 and S8 [109].  

 
 
 

 
Figure 4 Structure-acƟvity relaƟonship of Heterocyclic 

Disulfide (Allicin-Inspired) Scaffold 

7. Mechanism of Action 
Sulfur-containing heterocycles get their 
biopotency from three separate molecular 
mechanisms acting together - enzyme 
inhibition, binding to proteins, and 
affecting DNA - but they involve one 
mechanism occurring independently. The 
sections below will discuss how each of 
these three mechanisms works together to 
provide biopotency in terms of 
antimicrobial, anticancer, anti-
inflammatory, antiviral, and antioxidant 
properties. The antimicrobial 
mechanisms of sulfur-based heterocycles 
can be thought of as a multi-pronged 
approach to destroying important 
processes in bacteria; these mechanisms 
work synergistically to provide an 
extremely effective means of defeating 
bacteria. These three mechanisms of 
action occur in an orderly sequence: 
binding to proteins disrupts cell structure; 
inhibiting enzymes disrupts biosynthesis; 
and interacting with DNA delivers lethal 
damage to the genome. 

 
 

7.1 Enzyme inhibition 

According to current knowledge of the 
clinical validation of enzymatic targets, 
DNA gyrase (or topoisomerase II), 
topoisomerase IV, and dihydrofolate 
reductase (DHFR) are the most 
established enzymatic targets against 
sulfur heterocycles for the treatment of 
infections. 
Fluoroquinolone/Topoisomerase 
inhibitors are broad-spectrum antibiotics 
that act on some bacterial strains and are 
used to treat many different types of 
infections; by intercalating into the 
topoisomerase–DNA cleavage complex 
through bound DNA, fluoroquinolones 
and other topoisomerase inhibitors 
stabilise the complex. 
Thiazole and thiadiazoles are competitive 
inhibitors of the ATPase GyrB domain 
and therefore bind to the adenine 
nucleotide binding pocket to prevent ATP 
hydrolysis and strand passage by the 
enzyme. Additionally, the DHFR 
inhibitory activity of sulfonamides-
permeable sulfonamide-containing sulfur 
heterocycles prevents the regeneration of 
tetrahydrofolate. The co-administration 
of DHPS and DHFR inhibitors has 
enhanced the thermodynamic properties 
of the combination in contrast to the 
potency of each as bacteriostatic agents, 
producing a bactericidal effect; thus, dual 
inhibition is a valuable approach for 
treating methicillin-resistant 
Staphylococcus aureus (MRSA) and 
Pneumocystis carinii infections in 
immunocompromised individuals. [141]. 
7.1.1 DNA gyrase  
Prokaryotes need DNA gyrases to 
survive; therefore, DNA gyrases are type 
II topoisomerases that have an A2B2 
(heterotetrameric) structure. The catalytic 
tyrosine (Tyr122 in E. coli) of the GyrA 
subunit results in a transient break in both 
strands of DNA. The GyrB subunit 
utilizes the ATPase domain to generate 



Research Paper 

 

 IJDDT, Volume 16 Issue 55s, 2026 

Page | 1129  

energy via the hydrolysis of ATP, which 
will then allow the passage of strands 
through the GyrB subunit. Heterocycles 
such as thiazole, thiadiazole, and 
benzothiazole can contain substituents 
(hydroxyl, carboxamide, or urea) that will 
bind to the allosteric ATP-binding pocket 
of GyrB. The ethyl urea moiety represents 
an important structural element that can 
generate two significant interactions with 
the conserved aspartate residue of the 
adenine-binding region of DNA gyrase 
and has been exploited by several 
different groups in the development of 
novel topoisomerase inhibitors. 
Following the confirmation of 
novobiocin as a topoisomerase inhibitor, 
many subsequent GyrB/ParE inhibitors 
have been produced using structurally 
conserved motifs. PubMed Central 
Moreover, ethyl urea was identified as a 
key motif capable of establishing two 
important interactions with a conserved 
aspartate residue in the adenine binding 
region of the DNA gyrase. This motif was 
then used by others to design new 
inhibitors of topoisomerases; validation 
of novobiocin as a topoisomerase 
inhibitor led to many different GyrB/ParE 
inhibitors designed around conserved 
motifs. [142]. 

 
Figure 5 TMP-SMX-Induced Thymineless Death 

Pathway. 
7.1.2 Dihydrofolate Reductase (DHFR) 
and DHPS Inhibition 

DNA gyrase uses negative supercoiling to 
introduce supercoils into the DNA, 
topoisomerase IV has been shown to 
decatenate (uncoil) DNA and relax 
positive supercoiling, and theoretically, 
type I topoisomerases could be good 
targets for drug development; however, 
the only type of drugs approved by the 
FDA that target bacterial topoisomerases 
are type II topoisomerase inhibitors 
[142]. 
7.2. DNA interaction 
The primary factor for DNA interaction is 
gyrase. However, inhibiting gyrase with 
enzymes can cause DNA damage 
(through trapping cleavage complexes), 
and certain sulfur-containing heterocyclic 
compounds can bind directly to bacterial 
DNA. Aromatic thiazole and 
benzothiazole compounds with planar 
characteristics can intercalate between 
DNA base pairs at right angles to the axis 
of the DNA helix (also referred to as 
‘stacking’), with significant π -electronic 
overlap with adjacent base pairs. 
Intercalator bases, molecules that can 
‘stack’ on top of one another 
perpendicular to the DNA backbone, and 
do not form covalent bonds or break 
hydrogen bonds between DNA bases; 
thus, the only known forces providing 
stability to the intercalator/DNA complex 
are Van der Waals, hydrogen-bonding, 
hydrophobic, and charge transfer forces 
[143]. As a result, these intercalators 
result in elongation and unwinding of the 
double-stranded DNA molecule, which 
then inhibits translocation of DNA 
polymerase III, RNA polymerase, and 
ultimately inhibits both the processes of 
replication and transcription required for 
a bacterium to proliferate. 
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Figure 6 Thymineless Death via DNA IntercalaƟon and 

SOS Response. 
Planar and aromatic sulfur-containing 
heterocyclic compounds, especially fused 
bicyclic rings such as benzothiazole and 
benzothiophene, and thieno-pyrimidines, 
insert perpendicular into adjacent base 
pairs in DNA through π–π stacking 
interactions. For the drug to fit, it must 
have a planar aromatic surface that is 
complementary to the shape and size of a 
base pair (approximately 340 pm²). The 
drug then slides between the two stacked 
bases while not disrupting the Watson-
Crick hydrogen bonds. There are three 
primary mechanisms for drugs to interact 
with DNA: electrostatic interactions, 
intercalation between base pairs and 
binding to either the minor or major 
grooves of DNA; therefore, planar 
heterocyclic ligands with a scaffold 
structure similar to that of purine bases 
have a high binding affinity for DNA, and 
the azomethine function of the Schiff 
base derived from benzothiazole is 
responsible for its antimicrobial actions. 
The intercalation of drugs into bacterial 
DNA has severe and multiple mechanical 
effects: the drug extends the double 
helical structure of DNA about 3.4 Å for 
each intercalated molecule, which 
increases the twisting angle of adjacent 
base pairs, resulting in local unwinding of 
the double helix. The altered topology of 
DNA (a) inhibits the processivity of DNA 
polymerase III at a replication fork, (b) 

blocks the movement of RNA polymerase 
along the template strand, and (c) blocks 
the ability of topoisomerases to perform 
strand passage [144].  
7.3 Protein binding 
The sulfur heterocycles bind to PBPs via 
a covalent bond to the active serine 
residue. Thus, they demonstrate that the 
β-lactam ring fused with a thiazolidine 
ring mimics the D-Ala–D-Ala end of the 
peptide chain accessory component, 
resulting in the irreversible formation of a 
covalent bond to an acyl group with the 
PBP and subsequent failure to create a 
cell wall. Traditional antibiotics work by 
targeting specific substances or 
mechanisms to disrupt the above 
processes (i.e., inhibition of the creation 
of a cell wall – administered as penicillins 
and cephalosporins, leading to bacterial 
cell lysis; inhibition of the direct 
formation of proteins by binding to 
ribosomes of the bacterium, such as 
tetracyclines; breaking down a key 
metabolic pathway, sulfonamide 
disrupting the growth of bacteria) [145]. 
Thiazole ringed structures, due to their 
electron richness and ability to coordinate 
with metal ions, inhibit the normal 
functioning of a metalloenzyme by acting 
as a cofactor. Therefore, even if a 
bacterium develops resistance against one 
target through mutation, it cannot develop 
resistance to all three target pathways at 
the same time. Thus, the emergence of 
bacterial resistance to multi-target sulfur 
heterocycles has been reduced. 
The transpeptidase enzymes are proteins 
that work within a cell's membrane to 
finish constructing the peptidoglycan 
layer of the bacterial wall. They do this by 
linking two adjacent peptides by creating 
a bond between their respective amino 
acids. The location of the bond is between 
the last amino acid (5th position) of a 
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stem peptide and the amino group (6th 
position) of the adjacent stem peptide.  

 
Figure 7  β-Lactam Mechanism via PBP InhibiƟon and 

Lysis. 
The D-Ala–D-Ala dipeptide on the 
terminal end of the final stem peptide 
forms a covalent crosslink via 
transpeptidation between peptidoglycan 
and penicillin-binding protein (PBP) at 
the active site. After binding the D-Ala of 
the terminal peptide, the penultimate D-
Ala is then removed to create a covalent 
acyl-enzyme intermediate between the 
hydroxyl group of a serine residue located 
within the active site of PBP (E. coli 
PBP2 Ser62) and the terminal dipeptide 
D-Ala. The need for this intermediate is 
so that the carbonyl oxygen from the 
acyl-enzyme may interact with an 
adjacent ε-amino group of a 
diaminopimelic acid (DAP) in order to 
create the 4–3 cross-linkage which gives 
mechanical strength to the peptidoglycan. 
Transpeptidation is specifically inhibited 
by β-lactam antibiotics, which bind to the 
active serine of the penicillin-binding 
protein (e.g. PBP2) and create an acyl-
enzyme complex by nucleophilic addition 
to the terminal D-Ala–D-Ala when ppb is 
involved in transpeptidation. The 
resulting acyl-enzyme complex does not 
go on to undergo transpeptidation, as the 
D-Ala–D-Ala is inversely placed through 
D-Ala loss. The covalent nature of the 

link between PPB2 and the acyl-enzyme 
leads to the failure of β-lactam to replace 
D-Ala–D-Ala and results in the 
weakening of the peptidoglycan, 
resulting in cell lysis [146]. 

 
 
 

8. Challenges and Future Perspectives 
8.1 Synthetic Limitations 
While progress has been made, 
significant challenges still exist in the 
synthesis of heterocyclic compounds 
containing sulfur; this includes methods 
used to synthesize thiazoles, such as the 
Hantzsch thiazole synthesis and Gewald 
reaction, which are relatively slow and 
require extreme conditions with low 
yields. Although there have been some 
successes with variations using 
microwaves or solvent-free reactions, 
these methods have not been universally 
successful across all classes of substrates. 
Catalytic methods employing palladium 
and copper have demonstrated the ability 
to synthesize heterocycles rapidly, but 
there are limitations, e.g., catalyst costs, 
sensitivity of the catalyst to different 
functional groups, and enantioselectivity 
for producing chiral sulfur heterocycles. 
The synthesis of three-membered and 
four-membered cyclic systems (e.g., 
thiiranes and thietanes) is still very 
challenging because of ring strain and 
high reactivity. Finally, scaling up green 
chemistry protocols from the laboratory 
to the manufacturing level carries the risk 
of reproducibility and purity issues, along 
with the additional concern of cost; 
affordable materials will likely need to be 
used to create these types of products in a 
manufacturing setting. 
8.2 Toxicity Issues 
Though the sulfur atom has advantages 
for pharmacological use, it brings with it 
significant toxicity hazards. CYP450-
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bioconverted thiophene ring can produce 
reactive electrophiles that are potential 
intermediates and react with proteins; this 
mechanism may also play a role in 
inducing immune-mediated toxicities. 
Thiazolidinediones, which help to treat 
Diabetes Mellitus in people, have been 
associated with numerous side effects, 
including, but not limited to, 
hepatotoxicity and Cardiovascular Events 
(e.g., troglitazone is no longer marketed 
after many years of use). The risk of 
hypersensitivity reactions and crystalluria 
in patients taking sulfonamides is 
significant, whereas disulfides typically 
have poor stability in reducing 
environments. Therefore, there is a 
significant gap between in vitro potency 
and in vivo safety for many thiadiazole 
and benzothiazole derivatives, indicating 
the necessity for the earlier incorporation 
of hERG liability, reactive metabolite 
trapping, and mitochondrial toxicity 
assessments in the lead optimization 
process. 
8.3 Drug-Likeness Challenges 
Developing effective drug candidates 
from sulfur heterocyclic compounds that 
have biological activity often presents 
challenges because of poor physical and 
chemical characteristics. Fusion of 
polycyclic materials tends to increase 
molecular weight and lipophilicity, 
causing lower oral bioavailability and 
higher non-specific protein binding. The 
thiophene ring is highly susceptible to 
cytochrome P450-mediated oxidative 
metabolism, and the sulfide linker can 
undergo either S-oxidation or S-
dealkylation, changing the 
pharmacodynamic activity. A continual 
requirement of creating beneficial 
ADMET properties while establishing 
isoform selectivity, like COX-2 versus 
COX-1 or VEGFR-2 versus other related 
kinases, is an ongoing optimization issue 

in developing structures. Many 
neuroprotective therapies require such 
drug candidates to be able to penetrate 
through the blood-brain barrier, and a 
balance in lipophilicity can often not be 
achieved within the sulfur heterocycles 
present in chemical space. 
8.4 Future Research Directions 
The convergence of computational 
innovations and rational molecular design 
will enable the future of drug discovery 
for sulfur-containing heterocycles. The 
use of artificial intelligence, machine 
learning, and structure-activity 
relationship (SAR) in thiazole, 
thiadiazole, and benzothiazole scaffold 
optimization will lead to faster 
identification of potential drug candidates 
with enhanced ADMET properties and a 
concomitant reduction in the number of 
compounds that fail late in development. 
Additionally, further substantiation of the 
covalent warhead capability of 
thiadiazoles and sulfoxide/oxadiazole 
derivatives against SARS-CoV-2 3CLpro 
provides a strong rationale for utilizing 
sulfur electrophilic characteristics across 
various oxidation states and ring 
structures, primarily against targets 
containing cysteine as a nucleophile. For 
example, hybridization of rationally 
designed scaffolds that target multiple 
pairs of dual enzymes (e.g., COX-2/5-
LOX; VEGFR-2/CDK; AChE/BChE) in 
one framework will be instrumental in 
addressing multiple factors involved in 
the pathophysiology of cancer, 
neurodegeneration, and infectious 
diseases. 
The introduction of continuous flow 
chemistry platforms for producing sulfur 
heterocycles will improve the scalability, 
safety, and reproducibility of these 
compounds in combination with intense 
research on new antimicrobial scaffolds 
targeted at GyrB ATPase, bacterial cell 
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membrane integrity, and DNA gyrase as 
part of the global response to 
antimicrobial resistance. Synergistic 
combinations are an excellent option for 
immediate action. The low use of sulfur 
heterocycles against neglected tropical 
diseases and new RNA viruses means 
they are a priority for broad-spectrum 
drug development and responses to future 
pandemics. 
9. Conclusion 
The most promising scaffolds that have 
been identified include benzothiazole-
thiazolidinone hybrids that exhibit 
extremely potent antiviral activity against 
SARS-CoV-2 Mpro; thiazole derivatives 
being evaluated for their broad 
applicability in anticancer, antimicrobial, 
and covalent inhibition; and thiazoles, 
which continue to show exceptional 
flexibility regarding COX-2 inhibition, 
CDK-mediated anticancer activity, and 
multitarget anti-inflammatory activities 
as scaffolds. Benzothiazole-derivative 
scaffolds have a clinical translation focus; 
riluzole and quizartinib, approved drugs, 
have provided significant support. 
Thiazolidinedione scaffolds have a 
continuing role as privileged 
pharmacophores for drug design aimed at 
both diabetes and cancer. Given the 
improved synthetic accessibility via 
sustainable methodologies and the 
availability of computational tools to 
navigate SARs more accurately, sulfur-
containing heterocyclic compounds have 
great potential to generate the next wave 
of therapeutic agents to address the 
world's most pressing and unmet medical 
needs. 
10. References  
Padma Priya VR, Sugapriya S, Chandra 
Nandi G. Advances in Sulfenamide 
Chemistry: Synthetic Strategies and 
Reactivity Profiles. Eur J Org Chem. 

2025;28:e202500026. 
doi:10.1002/EJOC.202500026 
Tilby MJ, Willis MC. How do we address 
neglected sulfur pharmacophores in drug 
discovery? Expert Opin Drug Discov. 
2021;16:1227–1231. 
doi:10.1080/17460441.2021.1948008 
Shamsudin NF, Rullah K. Synthetic 
strategies and therapeutic applications of 
sulfur-containing molecules. Eur J Med 
Chem. 2025;298:118007. 
doi:10.1016/J.EJMECH.2025.118007 
Feng M, Tang B, Liang SH, Jiang X. 
Sulfur Containing Scaffolds in Drugs: 
Synthesis and Application in Medicinal 
Chemistry. Curr Top Med Chem. 
2016;16:1200–1216. 
doi:10.2174/15680266156661509151117
41 
Kapoor K, Kaur N, Sohal HS, et al. Drugs 
and Their Mode of Action: A Review on 
Sulfur-Containing Heterocyclic 
Compounds. Polycycl Aromat Compd. 
2025;45:136–175. 
doi:10.1080/10406638.2024.2392781 
Rizzo C, Palumbo Piccionello A. Key 
developments in fluorinated 
heterocycles. Future Med Chem. 
2025;17:755–756. 
doi:10.1080/17568919.2025.2476385 
de la Torre BG, Albericio F. The 
Pharmaceutical Industry in 2024: An 
Analysis of the FDA Drug Approvals 
from the Perspective of Molecules. 
Molecules. 2025;30:482. 
doi:10.3390/MOLECULES30030482 
Pibiri I. Recent Advances: Heterocycles 
in Drugs and Drug Discovery. Int J Mol 
Sci. 2024;25:9503. 
doi:10.3390/IJMS25179503 
Pathania S, Narang RK, Rawal RK. Role 
of sulphur-heterocycles in medicinal 
chemistry: An update. Eur J Med Chem. 
2019;180:486–508. 
doi:10.1016/J.EJMECH.2019.07.043 



Research Paper 

 

 IJDDT, Volume 16 Issue 55s, 2026 

Page | 1134  

Benedetto Tiz D, Rosati O, Sancineto L. 
Sulfur- and phosphorus-containing FDA 
approved drugs in the last five years 
(2020–2024): A journey among small 
molecules. Phosphorus Sulfur Silicon 
Relat Elem. 2025. 
doi:10.1080/10426507.2025.2496521 
Arshad MF, Alam A, Alshammari AA, et 
al. Thiazole: A Versatile Standalone 
Moiety Contributing to the Development 
of Various Drugs and Biologically Active 
Agents. Molecules. 2022;27:3994. 
doi:10.3390/MOLECULES27133994 
Laxmikeshav K, Kumari P, Shankaraiah 
N. Expedition of sulfur-containing 
heterocyclic derivatives as cytotoxic 
agents in medicinal chemistry: A decade 
update. Med Res Rev. 2022;42:513–575. 
doi:10.1002/MED.21852 
Zhang C, Yang K, Yu S, et al. Design, 
synthesis and biological evaluation of 
hydroxypyridinone-coumarin hybrids as 
multimodal monoamine oxidase B 
inhibitors and iron chelates against 
Alzheimer's disease. Eur J Med Chem. 
2019;180:367–382. 
doi:10.1016/j.ejmech.2019.07.031 
Singh A, Malhotra D, Singh K, et al. 
Thiazole derivatives in medicinal 
chemistry: Recent advancements in 
synthetic strategies, structure activity 
relationship and pharmacological 
outcomes. J Mol Struct. 
2022;1266:133479. 
doi:10.1016/J.MOLSTRUC.2022.13347
9 
Archna, Pathania S, Chawla PA. 
Thiophene-based derivatives as 
anticancer agents: An overview on 
decade's work. Bioorg Chem. 
2020;101:104026. 
doi:10.1016/j.bioorg.2020.104026 
Dawoud NTA, El-Fakharany EM, 
Abdallah AE, et al. Synthesis, and 
docking studies of novel heterocycles 
incorporating the indazolylthiazole 

moiety as antimicrobial and anticancer 
agents. Sci Rep. 2022;12:3424. 
doi:10.1038/s41598-022-07456-1 
Thakur S, Kumar D, Jaiswal S, et al. 
Medicinal chemistry-based perspectives 
on thiophene and its derivatives: 
exploring structural insights to discover 
plausible druggable leads. RSC Med 
Chem. 2024;16:481. 
doi:10.1039/D4MD00450G 
Szeliga M. Thiadiazole derivatives as 
anticancer agents. Pharmacol Rep. 
2020;72:1079–1100. 
doi:10.1007/S43440-020-00154-7 
Hekal MH, Farag PS, Hemdan MM, et al. 
New 1,3,4-thiadiazoles as potential 
anticancer agents: pro-apoptotic, cell 
cycle arrest, molecular modelling, and 
ADMET profile. RSC Adv. 
2023;13:15810–15825. 
doi:10.1039/D3RA02716C 
Stecoza CE, Nitulescu GM, Draghici C, 
et al. Synthesis of 1,3,4-Thiadiazole 
Derivatives and Their Anticancer 
Evaluation. Int J Mol Sci. 2023;24:17476. 
doi:10.3390/IJMS242417476 
Agrawal N, Goyal D, Pathak S. Exploring 
the Diverse Therapeutic Applications of 
1,3-Thiazine: A Comprehensive Review. 
Med Chem. 2024;21:85–95. 
doi:10.2174/0115734064328915240827
062052 
Jha M, Alam O, Naim MJ, et al. Recent 
advancement in the discovery and 
development of anti-epileptic 
biomolecules: An insight into structure 
activity relationship and Docking. Eur J 
Pharm Sci. 2020;153:105494. 
doi:10.1016/j.ejps.2020.105494 
Choudhary S, Silakari O, Singh PK. Key 
Updates on the Chemistry and Biological 
Roles of Thiazine Scaffold: A Review. 
Mini Rev Med Chem. 2018;18:1452–
1478. 
doi:10.2174/1389557518666180416150
552 



Research Paper 

 

 IJDDT, Volume 16 Issue 55s, 2026 

Page | 1135  

Lee YR, Chen TC, Lee CC, et al. Ring 
fusion strategy for synthesis and lead 
optimization of sulfur-substituted 
anthra[1,2-c][1,2,5]thiadiazole-6,11-
dione derivatives as promising scaffold of 
antitumor agents. Eur J Med Chem. 
2015;102:661–676. 
doi:10.1016/j.ejmech.2015.07.052 
Sharma PC, Sinhmar A, Sharma A, et al. 
Medicinal significance of benzothiazole 
scaffold: an insight view. J Enzyme Inhib 
Med Chem. 2013;28:240–266. 
doi:10.3109/14756366.2012.720572 
Cheekatla SR. Benzothiazole-Based 
Therapeutics: FDA Insights and Clinical 
Advances. Chemistry. 2025;7:118. 
doi:10.3390/CHEMISTRY7040118 
Huang G, Cierpicki T, Grembecka J. 2-
Aminobenzothiazoles in anticancer drug 
design and discovery. Bioorg Chem. 
2023;135:106477. 
doi:10.1016/J.BIOORG.2023.106477 
Yu A, Zhou J, Meng X, et al. Construction 
of benzothiophene or 
benzothiopheno[2,3-e]azepinedione 
derivatives via three-component domino 
or one-pot sequences. J Org Chem. 
2020;85:12270–12283. 
doi:10.1021/ACS.JOC.0C01505 
Dhanya TM, Rajimon KJ, Mohanan NK, 
et al. Exploring the Enzyme Inhibition 
Potential of Schiff Base and Metal 
Complexes of Benzothiophene 
Derivatives. Discov Chem. 2024;1:48. 
doi:10.1007/S44371-024-00048-0 
Shah R, Verma PK. Therapeutic 
importance of synthetic thiophene. Chem 
Cent J. 2018;12:137. 
doi:10.1186/S13065-018-0511-5 
Molina-Panadero I, Morales-Tenorio M, 
García-Rubia A, et al. Discovery of new 
antimicrobial thiophene derivatives with 
activity against drug-resistant Gram 
negative-bacteria. Front Pharmacol. 
2024;15:1412797. 
doi:10.3389/FPHAR.2024.1412797 

Sharma PK, Amin A, Kumar M. A 
Review: Medicinally Important Nitrogen 
Sulphur Containing Heterocycles. Open 
Med Chem J. 2020;14:49–64. 
doi:10.2174/1874104502014010049 
Serban G, Stanasel O, Serban E, Bota S. 
2-Amino-1,3,4-thiadiazole as a potential 
scaffold for promising antimicrobial 
agents. Drug Des Devel Ther. 
2018;12:1545. 
doi:10.2147/DDDT.S155958 
Seboletswe P, Cele N, Singh P. 
Thiazolidinone-Heterocycle 
Frameworks: A Concise Review of Their 
Pharmacological Significance. 
ChemMedChem. 2023;18:e202200618. 
doi:10.1002/CMDC.202200618 
Verma SK, Rangappa S, Verma R, et al. 
Sulfur (SVI)-containing heterocyclic 
hybrids as antibacterial agents against 
methicillin-resistant Staphylococcus 
aureus (MRSA) and its SAR. Bioorg 
Chem. 2024;145:107241. 
doi:10.1016/J.BIOORG.2024.107241 
Long N, Le Gresley A, Wren SP. 
Thiazolidinediones: An In-Depth Study 
of Their Synthesis and Application to 
Medicinal Chemistry in the Treatment of 
Diabetes Mellitus. ChemMedChem. 
2021;16:1717. 
doi:10.1002/CMDC.202100177 
Martins P, Jesus J, Santos S, et al. 
Heterocyclic Anticancer Compounds: 
Recent Advances and the Paradigm Shift 
towards the Use of Nanomedicine's Tool 
Box. Molecules. 2015;20:16852. 
doi:10.3390/MOLECULES200916852 
Tariq S, Kamboj P, Amir M. Therapeutic 
advancement of benzothiazole 
derivatives in the last decennial period. 
Arch Pharm. 2019;352:e201800170. 
doi:10.1002/ARDP.201800170 
Huang J, Wang W, Zhang L, Meng X. 
Recent advances in the synthesis of 
benzo[b]thiophene fused polycyclic 
derivatives: Strategies and reactions. 



Research Paper 

 

 IJDDT, Volume 16 Issue 55s, 2026 

Page | 1136  

Chin Chem Lett. 2023;34:108003. 
doi:10.1016/J.CCLET.2022.108003 
Drzał W, Trotsko N. Review of Recent 
Advances in Thiazolidin-4-One 
Derivatives as Promising Antitubercular 
Agents (2021–Present). Molecules. 
2025;30:2201. 
doi:10.3390/MOLECULES30102201 
Sahiba N, Sethiya A, Soni J, et al. 
Saturated Five-Membered Thiazolidines 
and Their Derivatives: From Synthesis to 
Biological Applications. Top Curr Chem. 
2020;378:34. doi:10.1007/S41061-020-
0298-4 
Hamdi A, Yaseen M, Ewes WA, et al. 
Development of new thiazolidine-2,4-
dione hybrids as aldose reductase 
inhibitors endowed with 
antihyperglycaemic activity: design, 
synthesis, biological investigations, and 
in silico insights. J Enzyme Inhib Med 
Chem. 2023;38. 
doi:10.1080/14756366.2023.2231170 
Chilamakuru NB, Neelima A, Supriya G, 
et al. A Review of Thiazolidinones: 
Versatile Heterocycles with Promising 
Therapeutic Potential. Orient J Chem. 
2025;41:30–43. 
doi:10.13005/OJC/410104 
Marshall CM, Federice JG, Bell CN, et al. 
An Update on the Nitrogen Heterocycle 
Compositions and Properties of U.S. 
FDA-Approved Pharmaceuticals (2013-
2023). J Med Chem. 2024;67:11622–
11655. 
doi:10.1021/acs.jmedchem.4c01122 
Dev Verma V, Singh A, Bhadauria H, et 
al. 1,3-thiazoles: Advances in synthesis, 
properties, and biological potential. Mol 
Cryst Liq Cryst. 2025;769:1110–1138. 
doi:10.1080/15421406.2025.2536862 
Ali SH, Sayed AR. Review of the 
synthesis and biological activity of 
thiazoles. Synth Commun. 2021;51:670–
700. 
doi:10.1080/00397911.2020.1854787 

Lincoln RB. Hantzsch Thiazole 
Synthesis. Catalysis from A to Z: A 
Concise Encyclopedia. 2013:1330–1334. 
doi:10.1002/9780470638859.conrr296 
Dey S, Das A, Hossain MF. Synthetic 
Strategies for Hydrazinyl Thiazole 
Derivatives. ChemistrySelect. 
2020;5:15153–15166. 
doi:10.1002/slct.202003993 
Bansal KK, Bhardwaj JK, Saraf P, et al. 
Synthesis of thiazole clubbed pyrazole 
derivatives as apoptosis inducers and 
anti-infective agents. Mater Today Chem. 
2020;17:100335. 
doi:10.1016/j.mtchem.2020.100335 
Folquitto LR dos S, Siqueira F dos S, 
Nunes TR, et al. Synthesis and Biological 
Assessment of New Thiazoles for 
Mycobacterial Infections and Biofilm 
Disruption. ACS Omega. 
2025;10:50007–50018. 
doi:10.1021/acsomega.5c06421 
Grimblat N, Sarotti AM, Kaufman TS, 
Simonetti SO. A theoretical study of the 
Duff reaction: insights into its selectivity. 
Org Biomol Chem. 2016;14:10496–
10501. doi:10.1039/c6ob01887d 
Haque RA, Salam MA. Synthesis, 
structural characterization and biological 
activities of organotin(IV) complexes 
with 5-allyl-2-hydroxy-3-
methoxybenzaldehyde-4-
thiosemicarbazone. J Chem Sci. 
2015;127:1589–1597. 
doi:10.1007/s12039-015-0924-9 
Fonseca NC, Da Cruz LF, Da Silva 
Villela F, et al. Synthesis of a sugar-based 
thiosemicarbazone series and structure-
activity relationship versus the parasite 
cysteine proteases rhodesain, cruzain, and 
Schistosoma mansoni cathepsin B1. 
Antimicrob Agents Chemother. 
2015;59:2666–2677. 
doi:10.1128/AAC.04601-14 
Yogi P, Ashid M, Hussain N, et al. One-
Pot Synthesis of Thiazoles via Hantzsch 



Research Paper 

 

 IJDDT, Volume 16 Issue 55s, 2026 

Page | 1137  

Thiazole Reaction and Their 
Antimicrobial Activity. Asian J Chem. 
2016;28:927–932. 
doi:10.14233/ajchem.2016.19603 
Egan RS, Tadanier J, Garmaise DL, 
Gaunce AP. Intermediates in the 
Hantzsch thiazole synthesis. J Org Chem. 
2002;33:4422–4426. 
doi:10.1021/jo01276a024 
Hantzsch A, Weber JH. Ueber 
Verbindungen des Thiazols (Pyridins der 
Thiophenreihe). Ber Dtsch Chem Ges. 
1887;20:3118–3132. 
doi:10.1002/cber.188702002200 
Mishra R, Kumar N, Sachan N. Synthesis 
and Pharmacological Study of Thiophene 
Derivatives. Int J Pharm Qual Assur. 
2021;12:282–291. 
doi:10.25258/ijpqa.12.3.24 
Balamon MG, Hamed AA, El-Bordany 
EA, et al. Elaboration of newly 
synthesized tetrahydrobenzo[b]thiophene 
derivatives and exploring their 
antioxidant evaluation, molecular 
docking, and DFT studies. Sci Rep. 
2024;14:27339. doi:10.1038/s41598-
024-74275-x 
Adhikari A, Bhakta S, Ghosh T. 
Microwave-assisted synthesis of 
bioactive heterocycles: An overview. 
Tetrahedron. 2022;126:133085. 
doi:10.1016/j.tet.2022.133085 
Dubey TS, Kate PV, Karale RS, et al. 
Microwave Assisted Synthesis Of New 
Heterocyclic Compounds. Int J Pharm 
Sci. 2024;02:1935–1951. 
doi:10.5281/zenodo.12937857 
Mamidala S, Aravilli RK, Vaarla K, 
Vedula RR. Microwave-Assisted 
Synthesis and Biological Evaluation of 
Some New Pyrazolothiazoles via a 
Multicomponent Approach. 
ChemistrySelect. 2019;4:9878–9881. 
doi:10.1002/slct.201901633 
Alrayes AA, Alshammari AQ, 
Alshammari AQ, et al. Design, green 

synthesis, and bioevaluation of 1,3-
thiazole-sulfonamide hybrids as 
antimicrobial and anti-inflammatory 
agent. Sci Rep. 2026. 
doi:10.1038/s41598-026-35429-1 
Perrone S, Messa F, Troisi L, Salomone 
A. N-, O- and S-Heterocycles Synthesis 
in Deep Eutectic Solvents. Molecules. 
2023;28:3459. 
doi:10.3390/molecules28083459 
Kosmalski T, Kołodziejska R, Przybysz 
M, et al. The Application of Green 
Solvents in the Synthesis of S-
Heterocyclic Compounds—A Review. Int 
J Mol Sci. 2024;25:9474. 
doi:10.3390/ijms25179474 
Kamanna K, Badiger KB, Kamath A. A 
Decenary Update on the Deep Eutectic 
Solvents in Heterocyclic Scaffold Synthesis-
A Green Solvent Approach. Curr Green 
Chem. 2023;10:25–41. 
doi:10.2174/2213346110666230213113
824 
Tariq S, Alam O, Amir M. Synthesis, 
p38α MAP kinase inhibition, anti-
inflammatory activity, and molecular 
docking studies of 1,2,4-triazole-based 
benzothiazole-2-amines. Arch Pharm. 
2018;351:e201700304. 
doi:10.1002/ardp.201700304 
Dwivedi B, Bhardwaj D, Choudhary D. 
Green design and synthesis of some novel 
thiazolidinone appended benzothiazole–
triazole hybrids as antimicrobial agents. 
RSC Adv. 2024;14:8341–8352. 
doi:10.1039/d4ra00990h 
Ghosh T, Santra S, Zyryanov GV, Ranu 
BC. Recent Developments on the 
Synthesis of Oxygen- and Sulfur-
containing Heterocycles and their 
Derivatives under Visible Light Induced 
Reactions. Curr Top Med Chem. 
2024;25:124–140. 
doi:10.2174/0115680266313243240624
071549 



Research Paper 

 

 IJDDT, Volume 16 Issue 55s, 2026 

Page | 1138  

Sharma B, Kumari S, Mohan C, Zaidi N. 
Advancing sustainability: Green 
chemistry applications of heterocyclic 
compounds for waste remediation. Emerg 
Contam Environ Health. 2026;5. 
doi:10.20517/eceh.2025.22 
Alhadhrami NA, Riyadh SM, Ahmed 
MSM, et al. Green Efficient Synthesis of 
[1,3,4]Thiadiazole-Tethered Alkoxyaryl 
Hydrazones: Evaluation of Antitumor 
Activities and Molecular Docking 
Studies. ACS Omega. 2025;10:38164–
38174. doi:10.1021/acsomega.5c05914 
Sead FF, Jain V, Kumar A, et al. 
Magnetically recoverable catalysts for 
efficient multicomponent synthesis of 
organosulfur compounds. RSC Adv. 
2025;15:3928–3953. 
doi:10.1039/d4ra08769k 
Kamali F, Abdollahi Alibeik M, Hamidi 
Z. Multicomponent one pot synthesis of 
substituted pyridines with a highly active 
and recyclable hydrotalcite-lanthanum 
nanocatalyst. Phosphorus Sulfur Silicon 
Relat Elem. 2024;199:746–755. 
doi:10.1080/10426507.2024.2420006 
Matloubi Moghaddam F, Aghamiri B. 
Facile one-pot, multi-component reaction 
to synthesize spirooxindole-annulated 
thiopyran derivatives under 
environmentally benevolent conditions. 
Heliyon. 2022;8:e10666. 
doi:10.1016/j.heliyon.2022.e10666 
Mermer A, Tahmasebifar A, Al-Hussain 
SA, et al. Novel thiazole derivatives as 
effective anti-cancer agents against 
human osteosarcoma cell line (SaOS-2): 
Microwave-assisted one-pot three-
component synthesis, in vitro anti-cancer 
studies, and in silico investigations. PLoS 
One. 2025;20:e0328221. 
doi:10.1371/journal.pone.0328221 
Gabriele B. Synthesis of Sulfur Heterocycles 
by Palladium‐Catalyzed Cyclization. Eur J 
Org Chem. 2026. 
doi:10.1002/EJOC.202501192 

Matloobi M, Kappe CO. Microwave-
Assisted Solution- and Solid-Phase 
Synthesis of 2-Amino-4-arylpyrimidine 
Derivatives. J Comb Chem. 2007;9:275–
284. doi:10.1021/cc0601377 
Macías-Benítez P, Sierra-Padilla A, 
Guerra FM, Moreno-Dorado FJ. 
Microwave-Assisted One-Pot Telescoped 
Synthesis of 2-Amino-1,3-thiazoles, 
Selenazoles, Imidazo[1,2-a]pyridines, 
and Other Heterocycles from Alcohols. J 
Org Chem. 2024;89:4628–4646. 
doi:10.1021/acs.joc.3c02903 
Janni M, Thirupathi A, Subramaniam SV, 
Peruncheralathan S. Palladium-Catalyzed 
Domino Heteroarylation of Thioamides: 
A Simple Route to Benzothieno[2,3-
b]quinolones. Synthesis. 2025;57:229–
239. doi:10.1055/a-2360-8167 
Zhang J, Zhuang Y, Ma Y, et al. 
Palladium-Catalyzed Synthesis of 
Benzothiophenes via Cross-
Dehydrogenative Coupling of 4-
Arylthiocoumarins and Pyrones. Adv 
Synth Catal. 2019;361:5709–5714. 
doi:10.1002/adsc.201901058 
Zhang C. Recent Advances in Copper-
Catalyzed Oxidative Cyclization 
Reactions. Asian J Org Chem. 
2025;14:e202400529. 
doi:10.1002/ajoc.202400529 
Chemler SR. Copper-catalyzed 
generation of nitrogen-centered radicals 
and reactions thereof. ARKIVOC. 
2023;2024:202312078. 
doi:10.24820/ark.5550190.p012.078 
Carmo RLL, Galster SL, Wdowik T, et al. 
Copper-Catalyzed Enantioselective 
Aerobic Alkene Aminooxygenation and 
Dioxygenation: Access to 2-Formyl 
Saturated Heterocycles and Unnatural 
Proline Derivatives. J Am Chem Soc. 
2023;145:13715–13729. 
doi:10.1021/jacs.3c01985 
McNichol CP, DeCicco EM, Canfield 
AM, et al. Copper-Catalyzed Aerobic 



Research Paper 

 

 IJDDT, Volume 16 Issue 55s, 2026 

Page | 1139  

Aminooxygenation of Cinnamyl N-
Alkoxycarbamates via Substrate-
Promoted Catalyst Activation. ACS 
Catal. 2023;13:6568–6573. 
doi:10.1021/acscatal.3c01431 
Zhao YH, Wang LC, Wu XF. Controllable 
copper-catalysed photo-induced 
carbonylative cyclization to access 
dihydroquinolinones and oxindoles. 
Chem Sci. 2026. 
doi:10.1039/d5sc09434h 
Sun R, Du Y, Tian C, et al. Copper(II)-
catalyzed Domino Reaction of the 
Acyclic Ketene-(S,S)-Acetals with Diazo 
Compounds: Convenient Synthesis of 
Poly-substituted Thiophenes. Adv Synth 
Catal. 2019;361:5684–5689. 
doi:10.1002/adsc.201901089 
Soria-Castro SM, Peñéñory AB. Efficient 
Cu-catalyzed base-free C–S coupling 
under conventional and microwave 
heating. A simple access to S-
heterocycles and sulfides. Beilstein J Org 
Chem. 2013;9:467–475. 
doi:10.3762/bjoc.9.50 
Copper(II) acetate promoted oxidative 
cyclization of arylsulfonyl-o-allylanilines - 
PubMed. 
https://pubmed.ncbi.nlm.nih.gov/151282
39/. Accessed 30 Mar 2026 
Zhao W, Al-Ahmad R, Dai M. Total 
Synthesis of (−)-Psathyrin A Enabled by 
Radical Cyclization. J Am Chem Soc. 
2025;147:32365–32369. 
doi:10.1021/jacs.5c11534 
Chen YY, Dai L, Zhang XG, Zhou QL. 
Copper-Catalyzed Enantioselective 
Three-Component Carboamidation of 
Styrenes with Alkanes and Amides. J Am 
Chem Soc. 2025;147:12397–12404. 
doi:10.1021/jacs.5c02348 
Zhang XG, Zhou ZY, Li JX, et al. Copper-
Catalyzed Enantioselective [4π + 2σ] 
Cycloaddition of Bicyclobutanes with 
Nitrones. J Am Chem Soc. 

2024;146:27274–27281. 
doi:10.1021/jacs.4c10123 
Zhang X, Bi W, Cao Z, et al. Recent 
Developments in the Metal-Catalyzed 
Synthesis of Nitrogenous Heterocyclic 
Compounds. Molecules. 2024;29:5458. 
doi:10.3390/molecules29225458 
Choury M, Lopes AB, Blond G, Gulea M. 
Synthesis of Medium-Sized Heterocycles 
by Transition-Metal-Catalyzed 
Intramolecular Cyclization. Molecules. 
2020;25:3147. 
doi:10.3390/molecules25143147 
Joyce LL, Batey RA. Heterocycle 
Formation via Palladium-Catalyzed 
Intramolecular Oxidative C−H Bond 
Functionalization: An Efficient Strategy 
for the Synthesis of 2-
Aminobenzothiazoles. Org Lett. 
2009;11:2792–2795. 
doi:10.1021/ol900958z 
Sterligov GK, Rasskazova MA, Drokin 
EA, et al. Metal-Free Synthesis of 2-
(per)Fluoroalkyl-3-nitro Indoles via 
Intramolecular Cyclization of Amides. J 
Org Chem. 2024;89:14028–14037. 
doi:10.1021/acs.joc.4c01430 
Yang Y, Wang M, Fan X, et al. A Mild 
Intramolecular Cyclization for the 
Synthesis of N–O Heterocycles and 
Unlocked Nucleic Acid Analogs. 
ChemistrySelect. 2026;11:e05672. 
doi:10.1002/slct.202505672 
Da Lama A, Pérez Sestelo J, Sarandeses 
LA, Martínez MM. Indium(III)-
Catalyzed Synthesis of Pyrroles and 
Benzo[g]indoles by Intramolecular 
Cyclization of Homopropargyl Azides. J 
Org Chem. 2024;89:16015–16021. 
doi:10.1021/acs.joc.4c01768 
Docherty JH, Lister TM, Mcarthur G, et 
al. Transition-Metal-Catalyzed C–H 
Bond Activation for the Formation of C–
C Bonds in Complex Molecules. Chem 
Rev. 2023;123:7692–7760. 
doi:10.1021/acs.chemrev.2c00888 



Research Paper 

 

 IJDDT, Volume 16 Issue 55s, 2026 

Page | 1140  

Meng Z, Shi M, Wei Y. Photoredox-
catalyzed cascade [2 + 2 + 1] cyclization 
of 1,6-enynes with thiols. Org Chem 
Front. 2024;11:3442–3450. 
doi:10.1039/d4qo00460d 
Song KX, Qin XY, Ma ZX, et al. 
Photocatalytic three-component 
annulation enabling stereoselective 
generation of (Z)-thiochromene 1,1-
dioxides. Org Chem Front. 2021;8:5681–
5686. doi:10.1039/d1qo00994j 
Sunbal, Alamzeb M, Omer M, et al. 
Chemical insights into the synthetic 
chemistry of five-membered saturated 
heterocycles—a transition metal–
catalyzed approach. Front Chem. 
2023;11:1185669. 
doi:10.3389/fchem.2023.1185669 
Doraghi F, Mohaghegh F, Qareaghaj OH, 
et al. Synthesis of N-, O-, and S-
heterocycles from aryl/alkyl alkynyl 
aldehydes. RSC Adv. 2023;13:13947. 
doi:10.1039/d3ra01778h 
Wang ZH, You Y, Zhao JQ, et al. Recent 
Progress in Heterocycle Synthesis: 
Cyclization Reaction with Pyridinium 
and Quinolinium 1,4-Zwitterions. 
Molecules. 2023;28:3059. 
doi:10.3390/molecules28073059 
Oueis E, Elkadi M, Rios R. Visible-Light-
Driven Cyclizations. Adv Synth Catal. 
2024;366:635–697. 
doi:10.1002/adsc.202301295 
Yin R, Liu H, Yang X, et al. Heterocycle 
compounds synthesized by amide ligand-
promoted copper salt catalyzed 
construction of C–O(S) bonds. RSC Adv. 
2024;14:10034–10038. 
doi:10.1039/d4ra00701h 
Abdel-Latif E, Khatab TK, Fekri A, 
Khalifa ME. Synthesis of New Binary 
Thiazole-Based Heterocycles and Their 
Molecular Docking Study as COVID-19 
Main Protease (Mpro) Inhibitors. Russ J 
Gen Chem. 2021;91:1767–1773. 
doi:10.1134/S1070363221090231 

Sethi P, Vashisht K, Sharma K. Role of 
Sulphur Containing Heterocycles in 
Medicinal Chemistry. Recent 
Developments in Science and 
Technology for Sustainable Future. 
2024:96–112. 
doi:10.9734/bpi/mono/978-81-970279-
3-2/ch8 
Ungureanu D, Tiperciuc B, Nastasă C, et al. 
An Overview of the Structure-Activity 
Relationship in Novel Antimicrobial 
Thiazoles Clubbed with Various 
Heterocycles (2017-2023). Pharmaceutics. 
2024;16:89. 
doi:10.3390/PHARMACEUTICS160100
89 
Işık A, Acar Çevik U, Karayel A, et al. 
Synthesis, DFT Calculations, In Silico 
Studies, and Antimicrobial Evaluation of 
Benzimidazole-Thiadiazole Derivatives. 
ACS Omega. 2024;9:18469. 
doi:10.1021/acsomega.4c00543 
Wang JR, Hu YM, Zhou H, et al. Allicin-
Inspired Heterocyclic Disulfides as Novel 
Antimicrobial Agents. J Agric Food 
Chem. 2022;70:11782–11791. 
doi:10.1021/acs.jafc.2c03765 
Naaz F, Srivastava R, Singh A, et al. 
Molecular modeling, synthesis, 
antibacterial and cytotoxicity evaluation 
of sulfonamide derivatives of 
benzimidazole, indazole, benzothiazole 
and thiazole. Bioorg Med Chem. 
2018;26:3414–3428. 
doi:10.1016/j.bmc.2018.05.015 
Bhagwat SK, Chobe SS, Alavala RR, et 
al. Benzothiazole–thiazole hybrids as 
broad-spectrum antimicrobial agents: 
synthesis, SAR analysis, and molecular 
docking against bacterial and fungal 
targets. RSC Adv. 2025;15:31752–31762. 
doi:10.1039/d5ra04254b 
Hamad HT. The anti-cancer effectiveness 
of some heterocyclic compounds 
containing sulfur atom. Results Chem. 
2025;15:102182. 
doi:10.1016/J.RECHEM.2025.102182 



Research Paper 

 

 IJDDT, Volume 16 Issue 55s, 2026 

Page | 1141  

Sung H, Ferlay J, Siegel RL, et al. Global 
Cancer Statistics 2020: GLOBOCAN 
Estimates of Incidence and Mortality 
Worldwide for 36 Cancers in 185 
Countries. CA Cancer J Clin. 
2021;71:209–249. 
doi:10.3322/caac.21660 
Maji S, Debnath B, Panda S, et al. 
Anticancer Potential of the S-
Heterocyclic Ring Containing Drugs and 
its Bioactivation to Reactive Metabolites. 
Chem Biodivers. 2024;21:e202400473. 
doi:10.1002/cbdv.202400473 
Saeed A, Soliman AM, Abdullah MMS, 
et al. Synthesis and Molecular Docking of 
some new Thiazolidinone and 
Thiadiazole Derivatives as Anticancer 
Agents. Chem Biodivers. 2024;21. 
doi:10.1002/cbdv.202301870 
Al-Sanea MM, Hamdi A, Mohamed 
AAB, et al. New benzothiazole hybrids as 
potential VEGFR-2 inhibitors: design, 
synthesis, anticancer evaluation, and in 
silico study. J Enzyme Inhib Med Chem. 
2023;38. 
doi:10.1080/14756366.2023.2166036 
Elkaeed EB, Elgammal WE, Elkady H, et 
al. Discovery of new thiadiazole-based 
VEGFR-2 inhibitors: design, synthesis, 
cytotoxicity, and apoptosis induction. 
Future Med Chem. 2025;17:2145–2162. 
doi:10.1080/17568919.2025.2552639 
Kamboj P, Anjali, Imtiyaz K, et al. 
Design, synthesis, biological assessment 
and molecular modeling studies of novel 
imidazothiazole-thiazolidinone hybrids 
as potential anticancer and anti-
inflammatory agents. Sci Rep. 2024;14. 
doi:10.1038/S41598-024-59063-X 
Metwally HM, Younis NM, Abdel-Latif 
E, El-Rayyes A. New thiazole, thiophene 
and 2-pyridone compounds incorporating 
dimethylaniline moiety: synthesis, 
cytotoxicity, ADME and molecular 
docking studies. BMC Chem. 

2024;18:52. doi:10.1186/S13065-024-
01136-Z 
Kaur B, Singh P. Inflammation: 
Biochemistry, cellular targets, anti-
inflammatory agents and challenges with 
special emphasis on cyclooxygenase-2. 
Bioorg Chem. 2022;121:105663. 
doi:10.1016/J.BIOORG.2022.105663 
Gupta SC, Kunnumakkara AB, Aggarwal 
S, Aggarwal BB. Inflammation, a 
Double-Edge Sword for Cancer and 
Other Age-Related Diseases. Front 
Immunol. 2018;9:370544. 
doi:10.3389/FIMMU.2018.02160 
He LY, Zhang SS, Peng DX, et al. 
Synthesis and evaluations of selective 
COX-2 inhibitory effects: 
Benzo[d]thiazol analogs. Bioorg Med 
Chem Lett. 2020;30:127376. 
doi:10.1016/j.bmcl.2020.127376 
Jacob PJ, Manju SL. Identification and 
development of thiazole leads as COX-
2/5-LOX inhibitors through in-vitro and 
in-vivo biological evaluation for anti-
inflammatory activity. Bioorg Chem. 
2020;100:103882. 
doi:10.1016/j.bioorg.2020.103882 
Mahnashi MH, Rashid U, Almasoudi 
HH, et al. Modification of 4-(4-
chlorothiophen-2-yl)thiazol-2-amine 
derivatives for the treatment of analgesia 
and inflammation: synthesis and in vitro, 
in vivo, and in silico studies. Front 
Pharmacol. 2024;15:1366695. 
doi:10.3389/FPHAR.2024.1366695 
Sağlık BN, Osmaniye D, Levent S, et al. 
Design, synthesis and biological 
assessment of new selective COX-2 
inhibitors including methyl sulfonyl 
moiety. Eur J Med Chem. 
2021;209:112918. 
doi:10.1016/j.ejmech.2020.112918 
Alfayomy AM, Abdel-Aziz SA, Marzouk 
AA, et al. Design and synthesis of 
pyrimidine-5-carbonitrile hybrids as 
COX-2 inhibitors: Anti-inflammatory 



Research Paper 

 

 IJDDT, Volume 16 Issue 55s, 2026 

Page | 1142  

activity, ulcerogenic liability, 
histopathological and docking studies. 
Bioorg Chem. 2021;108:104555. 
doi:10.1016/J.BIOORG.2020.104555 
Braconi L, Sosic A, Crocetti L. Recent 
breakthroughs in synthetic small 
molecules targeting SARS-CoV-2 Mpro 
from 2022 to 2024. Bioorg Med Chem. 
2025;128:118247. 
doi:10.1016/J.BMC.2025.118247 
Nazir MS, Ahmad M, Aslam S, et al. A 
Comprehensive Update of Anti-COVID-
19 Activity of Heterocyclic Compounds. 
Drug Des Devel Ther. 2024;18:1547. 
doi:10.2147/DDDT.S450499 
Petrou A, Zagaliotis P, Theodoroula NF, 
et al. 
Thiazole/Thiadiazole/Benzothiazole 
Based Thiazolidin-4-One Derivatives as 
Potential Inhibitors of Main Protease of 
SARS-CoV-2. Molecules. 2022;27:2180. 
doi:10.3390/MOLECULES27072180 
Ren P, Yu C, Zhang R, et al. Discovery, 
synthesis and mechanism study of 2,3,5-
substituted [1,2,4]-thiadiazoles as 
covalent inhibitors targeting 3C-Like 
protease of SARS-CoV-2. Eur J Med 
Chem. 2023;249:115129. 
doi:10.1016/J.EJMECH.2023.115129 
Zhang FM, Huang T, Wang F, et al. 
Discovery of highly potent covalent 
SARS-CoV-2 3CLpro inhibitors bearing 
2-sulfoxyl-1,3,4-oxadiazole scaffold for 
combating COVID-19. Eur J Med Chem. 
2023;260:115721. 
doi:10.1016/j.ejmech.2023.115721 
El-Saghier AM, Enaili SS, Abdou A, 
Kadry AM. An efficient eco-friendly, 
simple, and green synthesis of some new 
spiro-N-(4-sulfamoyl-phenyl)-1,3,4-
thiadiazole-2-carboxamide derivatives as 
potential inhibitors of SARS-CoV-2 
proteases: drug-likeness, pharmacophore, 
molecular docking, and DFT exploration. 
Mol Divers. 2023;28:249. 
doi:10.1007/S11030-023-10761-0 

Tumakuru Nagarajappa L, Ravi Singh K, 
Kabuyaya Isamura B, et al. SARS-CoV-2 
Mpro binding profile and drug-likeness 
of two novel thiazole derivatives: 
structural elucidation, DFT studies, 
ADME-T and molecular docking 
simulations. J Biomol Struct Dyn. 
2023;41:11122–11136. 
doi:10.1080/07391102.2022.2159880 
Di Carlo E, Sorrentino C. Oxidative 
Stress and Age-Related Tumors. 
Antioxidants. 2024;13:1109. 
doi:10.3390/ANTIOX13091109 
Rana MS, Rayhan NMA, Emon MSH, et 
al. Antioxidant activity of Schiff base 
ligands using the DPPH scavenging 
assay: an updated review. RSC Adv. 
2024;14:33094–33123. 
doi:10.1039/D4RA04375H 
Kirkova D, Stremski Y, Bachvarova M, et 
al. New Benzothiazole-Monoterpenoid 
Hybrids as Multifunctional Molecules 
with Potential Applications in Cosmetics. 
Molecules. 2025;30:636. 
doi:10.3390/MOLECULES30030636 
Shah R, Verma PK. Synthesis of 
thiophene derivatives and their anti-
microbial, antioxidant, anticorrosion and 
anticancer activity. doi:10.1186/s13065-
019-0569-8 
Design, synthesis, biological evaluation, 
and in silico studies of imidazo[2,1-
b][1,3,4]thiadiazole derivatives as 
chol…. 
https://ouci.dntb.gov.ua/works/leLVoQ3k
/. Accessed 3 Apr 2026 
Azzam RA, Elsayed RE, Elgemeie GH. 
Design, Synthesis, and Antimicrobial 
Evaluation of a New Series of N-
Sulfonamide 2-Pyridones as Dual 
Inhibitors of DHPS and DHFR Enzymes. 
ACS Omega. 2020;5:10401–10414. 
doi:10.1021/ACSOMEGA.0C00280 
Grossman S, Fishwick CWG, McPhillie 
MJ. Developments in Non-Intercalating 
Bacterial Topoisomerase Inhibitors: 



Research Paper 

 

 IJDDT, Volume 16 Issue 55s, 2026 

Page | 1143  

Allosteric and ATPase Inhibitors of DNA 
Gyrase and Topoisomerase IV. 
Pharmaceuticals. 2023;16:261. 
doi:10.3390/PH16020261 
Xu L, Duan J, Chen J, et al. Recent 
advances in rolling circle amplification-
based biosensing strategies-A review. 
Anal Chim Acta. 2021;1148:338150. 
doi:10.1016/j.aca.2020.12.062 
Mahmood K, Akhter Z, Perveen F, et al. 
Synthesis, DNA binding and biological 
evaluation of benzimidazole Schiff base 
ligands and their metal(II) complexes. 
RSC Adv. 2023;13:11982–11999. 
doi:10.1039/D3RA00982C 
Yang R, Ma X, Peng F, et al. Advances in 
antimicrobial peptides: From mechanistic 
insights to chemical modifications. 
Biotechnol Adv. 2025;81:108570. 
doi:10.1016/J.BIOTECHADV.2025.108
570 
Bertonha AF, Silva CCL, Shirakawa KT, 
et al. Penicillin-binding protein (PBP) 
inhibitor development: A 10-year 
chemical perspective. Exp Biol Med. 
2023;248:1657. 
doi:10.1177/15353702231208407 

 
 

 


