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Abstract
Benzothiazole has emerged as a promising scaffold for
new antibacterial agents against multidrug-resistant
pathogens. Its tunable electronics, ease of derivatization
and compatibility with hybrid designs allow efficient
exploration of structure—activity relationships. Recent
benzothiazole derivatives, including thiazole, isatin and
pyrimidine hybrids, show low-pg/mL activity against
diverse Gram-positive and Gram-negative bacteria and,
in some cases, outperform standard antibiotics in vitro.
Enzyme and docking studies indicate multi-target
mechanisms involving MurB, DNA gyrase, peptide
deformylase, folate

enzymes and quorum-sensing

regulators, alongside antibiofilm and ant virulence
effects. Together, these advances position benzothiazole
chemistry as a compact, drug-like platform for the
rational design of next-generation antibacterials.
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Introduction
The rapid
multidrug-resistant (MDR) bacteria is now recognized as

emergence and global spread of
one of the most serious threats to public health,
compromising the efficacy of almost all major antibiotic
classes introduced since the mid-20th century 2%, MDR
pathogens such as methicillin-resistant Staphylococcus
aureus (MRSA),

(VRE), carbapenem-resistant Enterobacterales (CRE),

vancomycin-resistant Enterococcus

carbapenem-resistant Pseudomonas aeruginosa, and

Acinetobacter baumannii are associated with high

mortality, prolonged hospital stays, and increased
healthcare costs #2. The World Health Organization and
other agencies have repeatedly highlighted the urgent
need for new antibacterial agents with novel scaffolds
and mechanisms of action to outpace resistance
development >%7,

At the same time, the current antibacterial pipeline
remains limited and is dominated by derivatives of
existing classes, with only a few agents truly representing

new pharmacophores or innovative targets 8° This
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“innovation gap” is partly due to scientific challenges
(difficulty in identifying selective bacterial targets, poor
penetration into Gram-negative bacteria) and partly due
to economic disincentives for antibiotic development
1011 Against this backdrop, heterocyclic scaffolds with
rich medicinal chemistry, such as benzothiazoles, have
received growing attention as privileged structures
capable of interacting with a variety of biological targets
12,13,14.

Benzothiazole is a fused bicyclic heteroaromatic system
comprising a benzene ring condensed with a thiazole
ring, which contains both sulfur and nitrogen atoms in
the five-membered ring 415, The presence of these
heteroatoms and the extended n-system facilitate
hydrogen bonding, m—n stacking, and coordination with
metal ions, making benzothiazole a versatile
pharmacophore in medicinal chemistry %1718 Numerous
exhibit

benzothiazole-containing molecules diverse

biological activities, including anticancer,

anti-inflammatory, antitubercular, antidiabetic, and
antimicrobial properties 7. In recent years, a substantial
body of work has focused on benzothiazole derivatives as
antibacterial agents, including against MDR clinical
isolates, with detailed studies on synthesis, structure—
activity relationship (SAR), mechanisms of action, and

molecular docking 121819,

Benzothiazole

This review aims to provide an updated and

comprehensive  overview of  benzothiazole-based
antibacterials with emphasis on: (i) the context of MDR

and unmet needs, (ii) the medicinal significance of the

© 2026 1IIMSIR, All Rights Reserved

benzothiazole scaffold, (iii) synthetic strategies used to
access antibacterial benzothiazole derivatives, (iv) in
vitro activity against MDR pathogens, (v) mechanisms of
action and molecular targets, (vi) SAR trends, and (vii)
future perspectives and challenges. The main focus is on
literature from approximately the last 5-10 years, with
particular weight on detailed mechanistic and SAR
studies 2.
Multidrug  Resistance and Need for New
Antibacterials

» Global burden of MDR bacteria

Multidrug  resistance is generally defined as
non-susceptibility to at least one agent in three or more
antimicrobial categories [20]. MDR organisms are now
prevalent in both hospital and community settings, with
especially alarming rates reported for Gram-negative
pathogens such as carbapenem-resistant Enterobacterales,
Pseudomonas aeruginosa, and Acinetobacter baumannii
212223 These harbor
(ESBLs),

carbapenemases (KPC, NDM, OXA-type), efflux pumps,

organisms frequently

extended-spectrum B-lactamases
and porin alterations, leading to resistance to f-lactams,

fluoroquinolones, aminoglycosides, and sometimes
colistin 242526,

Recent clinical data show that infections by MDR
Gram-negatives are associated with mortality rates
exceeding 30-40% in severe cases, especially in
intensive care units 2’. Similar concerns exist for MDR
Gram-positive pathogens, including MRSA, VRE, and
penicillin-resistant Streptococcus pneumoniae, which
complicate treatment of skin/soft tissue infections,
pneumonia, and bloodstream infections 2,

» Mechanisms underlying MDR

Bacteria employ multiple, often overlapping mechanisms
to achieve multidrug resistance: Enzymatic inactivation

29 target modification %3, reduced permeability®?, efflux
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pumps * biofilm formation *2. The convergence of these
mechanisms severely limits the effectiveness of existing
antibiotics and promotes cross-resistance within and
across classes 2.

» Limitations of current antibiotic pipeline

The clinical pipeline includes a few recently approved or
late-stage ceftazidime—

agents (e.g., cefiderocol,

avibactam, imipenem-—cilastatin—relebactam,
meropenem-vaborbactam) that restore activity against
certain MDR Gram-negative pathogens by combining
B-lactams with B-lactamase inhibitors or by exploiting
siderophore-mediated uptake %%, However, most are
scaffolds

tetracyclines, oxazolidinones) and target the same

modifications of  existing (B-lactams,

cellular processes, raising concerns about rapid
development of resistance ¢34,

Moreover, agents that effectively penetrate and
accumulate in Gram-negative bacteria while avoiding
efflux remain scarce, and few compounds exploit truly
new bacterial targets such as novel enzymes in
nucleotide, fatty acid, or cell wall biosynthesis 733,
Thus, there is a critical and ongoing need for new
chemotypes with distinct physicochemical properties and
mechanisms of action 534,

» Rationale for exploring benzothiazoles
Benzothiazoles offer several advantages as core scaffolds
for antibacterial drug discovery:

Benzothiazoles offer tunable lipophilicity and electronic
properties via substitution on the benzene ring or
heterocycle, and they can form hydrogen bonds and
coordinate metal ions at enzyme active sites 8383°, They
show activity against diverse bacterial enzymes,
including dihydroorotase, MurB, peptide deformylase,
enoyl-ACP

dehydrosqualene synthase, and DNA gyrase *2. Their

dihydrofolate reductase, reductase,

synthetic accessibility through multiple reliable routes

© 2026 1IIMSIR, All Rights Reserved

allows rapid SAR optimization, making them attractive

scaffolds for new antibacterials targeting both
conventional and underexploited pathways, including in
MDR strains 8,

Benzothiazole Scaffold and Its Medicinal Significance
» Structural features

Benzothiazole is a fused benzene-thiazole ring system in
which the thiazole carries nitrogen and sulfur that confer
aromaticity and enable n—n stacking, hydrogen bonding,
and dipole interactions important for enzyme binding
194041 " Supstitution is commonly made at the 2-position
and on the 5-, 6-, or 7-positions of the benzene ring,
where aryl, heteroaryl, alkyl, or linker groups are
introduced to tune biological activity, selectivity, and
pharmacokinetics 4042,

» Broader medicinal roles of benzothiazoles

Beyond antibacterial activity, benzothiazole derivatives
have shown notable anticancer (e.g., 2-(4-aminophenyl)
benzothiazoles), antitubercular (often as benzothiazole—
hybrids), anti-

pyrimidine or —thiazole

inflammatory/analgesic/CNS  effects, and enzyme
inhibition (e.g., carbonic anhydrase, aldose reductase,
dihydrofolate reductase) #4344 Several benzothiazole-
based compounds have progressed to clinical use or
advanced development, particularly in oncology and
neurology, supporting the scaffold’s drug-like and safety
potential when properly optimized 394,

» Medicinal significance specifically in antibacterial

drug discovery

In the context of antibacterial research, benzothiazole
moieties frequently serve as:

Benzothiazoles act as enzyme-binding pharmacophores
that target catalytic or allosteric sites in key bacterial
pathways, including peptidoglycan (MurB, Ddl), folate
(DHFR, DHPS), and

biosynthesis 2%, They can also function as quorum-

nucleotide  (dihydroorotase)
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sensing and virulence modulators, inhibiting systems
such as Gac/Rsm or LuxR-type regulators and biofilm
formation, providing non-bactericidal ways to disarm
pathogens 2%, In addition, benzothiazoles serve as
metal-binding ligands (e.g., Ag, Cu, Zn complexes) and
can be hybridized with other privileged pharmacophores
(isatin,
phthalimide)

pyrimidine, triazole, quinoline, thiazole,

to create multi-target or synergistic
antibacterial agents %4347,
Synthetic Strategies for Antibacterial Benzothiazole
Derivatives
A variety of synthetic methodologies have been
employed to access benzothiazole-based antibacterials,
ranging from classical condensation cyclization to
modern multi-component and metal-catalyzed processes.
Below, major strategies are summarized with emphasis
on those frequently used in antibacterial studies.
» Classical cyclization of o-halo anilines or
o-aminothiophenols
Classical synthesis of benzothiazoles commonly uses
intramolecular cyclization of substituted o0-amino
thiophenols or o-haloanilines with sulfur or thiocyanate
sources “8. Reaction of o-amino thiophenol with
carboxylic acids, aldehydes, or nitriles under oxidative
conditions, or cyclization of o-halo anilines (e.g., o-
iodoaniline) with KSCN or thiourea in acid, affords 2-
substituted benzothiazoles “8. By varying the carbonyl or
nitrile precursors, a wide range of aryl, heteroaryl, or
alkyl 2-substituents can be introduced, making these

routes well suited for SAR library generation .

solventless RS, R

» One-pot condensation approaches
One-pot syntheses using 2-aminothiophenol are highly

popular for antibacterial benzothiazoles because of

© 2026 1IIMSIR, All Rights Reserved

operational simplicity and good yields: Condensation of

2-aminothiophenol  with aldehydes, followed by
oxidative cyclization, produces 2-arylbenzothiazoles in
ethanol or other solvents with acid catalysis (e.g., HCI,
acetic acid) “°%°. Multi-component reactions involving
2-aminothiophenol, aldehydes, and active methylene
compounds or isatin derivatives can directly yield
benzothiazole-based Schiff bases, thiazolidinones, or
hybrid heterocycles 125, Such methods have been used to
Schiff

benzothiazole—

amino-benzothiazole
hybrids, and

pyrimidine derivates that show potent antibacterial

prepare bases,

benzothiazole—isatin

activity 1252,

S oo FHOHHCL S
ﬂ l ¥ Refhx H L Y a
o ~ N

" NH,

Acid-catalyzed one-pot synthesis of 2-

arylbenzothiazoles from 2-aminothiophenol and
aromatic aldehydes in ethanol.

» Synthesis of benzothiazole-thiazole and other

hybrid systems

Hybridization of benzothiazole with other heterocycles
(thiazole, triazole, pyrimidine, quinoline, phthalimide) is
widely used to enhance biological activity 2%,
Benzothiazole—thiazole hybrids are typically obtained by
thionation/cyclization of acetonitrile  intermediates
followed by condensation with phenacyl bromides,
whereas benzothiazole—pyrimidine or —triazole hybrids
arise from benzothiazolyl aldehydes or Schiff bases
cyclized with guanidine or azide/alkyne partners 219,
Benzothiazole—phthalimide hybrids are formed by

nucleophilic ~ substitution  or  condensation  of

benzothiazolyl amines with phthalic anhydrides, and,

overall, these strategies introduce extra H-bond

donors/acceptors, aromatic groups, and flexible linkers
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that tune lipophilicity, target binding, and cellular uptake
38,53.
» Metal-catalyzed and green synthetic methods
Recent developments emphasize greener, more efficient
methods:
Metal-catalyzed (e.g., Cu, Fe) oxidative cyclization of
anilines with sulfur sources or 2-aminothiophenols with
aldehydes enables benzothiazole formation under milder
conditions >**°. Heterogeneous catalysts such as TiOz, as
well as solvent-free, microwave-assisted, and ionic-
liquid-mediated methods, have further improved yields,
shortened reaction times, and reduced environmental
impact in one-pot syntheses of benzothiazole derivatives
55,56.
» Representative synthetic schemes in antibacterial
studies
The review by Kashyap et al. summarizes numerous
different

schemes (over 10) representing

benzothiazole-based antibacterials. For example:*?

5 toliene, MW =

Refhux 24 hr N
Ry

Ri=Cl. OCH;. OC:Hs R2=NO0s, OCH;

Scheme 1

Pyrimidine-benzothiazole derivatives were synthesized
by Venkatesh et al. via condensation of benzothiazolyl
aldehydes with barbituric acid derivatives, yielding

compounds 4j and 4k with significant antibacterial

activity °’.
R
1 ?  EwOH. HCI g
NHzF Y wi FOR— - .
a | H Refhex b R
| N o
5
N NH
W
H x
R=H.Cl X=0.8
Rl= Ce¢Hs, CsHiOH(p). CeHiF(m). CeHaNOx(m). CsHiFa(0). CesHiCl(p).
CsHisCHa(p)
Scheme 2
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Benzothiazole—isatin hybrids were prepared by Mishra et
al. using Schiff base formation followed by cyclization;
certain derivatives showed MIC values superior to
ciprofloxacin against Gram-negative bacteria .

NH HO,
on " © PPA. 200 c H =
HaN COOH SH N
: HH.
cHO HO HO
P OH cnoncncoon A — )
+ - R,
Reation B
1 L ¢ ~g —
N Ry
NH, = R,
R,
Ri=H. NO». Br R>=H. N(Eth
Scheme 3

Amino-benzothiazole Schiff base analogues synthesized
by Suyambulingam et al. via condensation with
salicylaldehyde or other aldehydes exhibited potent
activity and were investigated as casdihydrofolate

reductase inhibitors %°.

HO
HO
N CHOH
H\c"- ~g & 0 \ refhux 2l K.
X
X=H. Br
Scheme 4
These  schemes  collectively  demonstrate  that
benzothiazoles can be flexibly constructed and

derivatized, enabling systematic exploration of SAR in
antibacterial applications.

Antibacterial Activity against MDR Pathogens: In
Vitro Studies

» General antibacterial profiles

Multiple benzothiazole derivatives have been evaluated
against a broad panel of Gram-positive and
Gram-negative strains, including clinical MDR isolates.
Frequently tested organisms include Staphylococcus
aureus, MRSA, Enterococcus faecalis, Escherichia coli,
Pseudomonas Klebsiella

aeruginosa, pneumoniae,
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Listeria monocytogenes, and Streptococcus pneumoniae
12.
Typical in vitro endpoints are minimum inhibitory
concentrations (MICs) determined by broth microdilution
and zones of inhibition (ZOI) measured by agar diffusion
assays. Many benzothiazole derivatives display MIC
values in the low pg/mL range, often comparable to or
better than standard drugs such as ciprofloxacin,
ampicillin, gentamicin, or streptomycin against certain
strains .
» Selected studies illustrating activity against MDR
Gram-negative bacteria
Mishra et al. evaluated benzothiazole—isatin hybrids and
reported that compound 41c exhibited MIC values of 3.1
pg/mL against E. coli and 6.2 pg/mL against P.
aeruginosa, outperforming ciprofloxacin (MIC 125
ug/mL) in the same assays 2.
Amino-benzothiazole Schiff base analogues synthesized
by Suyambulingam et al. showed MICs of 15.62 pg/mL
against E. coli and P. aeruginosa, comparable to

ciprofloxacin 2.

Several 8-hydroxyquinoline-substituted benzothiazole
derivatives  displayed enhanced activity against
Gram-negative bacteria compared with

naphthalenol-based analogues, supporting the role of
chelating heterocycles in improving efficacy %2 These
findings substituted

suggest that  appropriately

benzothiazoles  can  penetrate  or  circumvent

Gram-negative outer membranes and efflux systems, at

least in vitro 2,

» Activity against Gram-positive and MDR
Gram-positive strains

Venkatesh et al.’s pyrimidine—benzothiazole derivatives

(35d, 35e, 350) showed potent activity against S. aureus,

with ZOlI values of 17-19 mm compared to 14 mm for

© 2026 1IIMSIR, All Rights Reserved

ciprofloxacin, indicating superior efficacy in disc
diffusion assays 2.

Benzothiazole—thiazole hybrids studied by Bhagwat et al.
exhibited broad-spectrum activity; compound 4b with a
meta-nitro substituent showed the lowest MICs across
bacterial, fungal, and mycobacterial strains *°.

Other studies reported MICs in the range 3.9-15.63
ug/mL against MRSA and other resistant Gram-positive
pathogens for selected benzothiazole derivatives,
reflecting strong potency°%2,

» Metal complexes and enhanced activity
Benzothiazole ligands can form complexes with metal
ions (Ag, Cu, Zn), often leading to enhanced antibacterial
activity: Silver(l) complexes of benzothiazole derivatives
demonstrated larger zones of inhibition against
Gram-positive and Gram-negative bacteria than the
parent ligands or AgNO3 alone, suggesting synergistic
effects of ligand-metal coordination on membrane
interaction and enzyme inhibition!2, Copper and zinc
complexes of benzothiazole Schiff bases have also shown
improved activity and, in some cases, lower MIC values
than free ligands *2.

» Anti-quorum sensing and anti-biofilm properties
In addition to direct bactericidal or bacteriostatic effects,
some benzothiazole derivatives act as anti-quorum
sensing agents: Novel benzothiazole derivatives were
reported to inhibit quorum-sensing regulated virulence
factors and biofilm formation in plant pathogenic
vitro and in

bacteria, with in planta activity

demonstrating their potential as non-bactericidal
antimicrobials .

Similar approaches targeting quorum-sensing systems in
human pathogens (e.g., Pseudomonas Gac/Rsm
two-component system) are under exploration using

functionalized benzothiazoles 5. These data underscore
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the versatility of benzothiazole derivatives in targeting
both growth and virulence of MDR pathogens.
Mechanism of Action and Molecular Targets

Recent benzothiazole studies systematically combine
MIC testing, enzyme assays, and docking to clarify
mechanisms 12,

» MurB inhibition

MurB, essential for peptidoglycan synthesis and absent in
humans, is a prime target. Several benzothiazoles show
strong docking to E. coli MurB via H-bonds and m—n
interactions; compound 11a (trifluoromethoxy) gives a
docking score = —10.74 kcal/mol and high antibacterial
activity, and SAR indicates chloro/nitro groups enhance
MurB binding and potency *2.

» DNA gyrase/ topoisomerase

Benzothiazole-thiazole hybrids display high interaction
energies against DNA gyrase from S. aureus and M.
tuberculosis; meta-nitro derivative 4b shows excellent
MICs. Other substituted benzothiazoles (4-chloro, 4-
methoxy, 6-nitro) dock well into gyrase and tyrosine
kinase, typically forming n—= stacking and H-bonds in
the active site 1219,

» Peptide deformylase

Benzothiazole—isatin hybrids from Mishra et al. act as
peptide deformylase inhibitors; compound 41c is more
active than ciprofloxacin against Gram-negative bacteria,
with docking supporting good PDF active-site fit 128,

» Folate pathway enzymes

Schiff  bases

comparable to ciprofloxacin and have been docked as

Amino-benzothiazole show MICs
cas-dihydrofolate reductase inhibitors, forming stable H-
bond networks in the active site 2%,

» Other enzyme targets

Kashyap et al. report benzothiazoles inhibiting
dihydroorotase, enoyl-ACP reductase, dehydrosqualene

synthase, dihydropteroate synthase, and tyrosine kinase,

© 2026 1IIMSIR, All Rights Reserved

with halogen/nitro substitution on the core often

improving binding, highlighting their multi-target
potential 2,

» Anti-quorum sensing

Some benzothiazoles act as anti-QS agents, blocking
LuxR-type receptors and biofilm formation in plant
pathogens, and others inhibit the Gac/Rsm system in
Pseudomonas, reducing virulence factor expression; such
non-bactericidal actions may lessen resistance pressure
64

Structure-Activity Relationship (SAR) of
Benzothiazole Antibacterials

Extensive SAR analyses across different benzothiazole
series reveal consistent trends regarding substitution
patterns, electronic effects, and hybridization with other
heterocycles.

» SAR trends

Across multiple studies, key SAR conclusions include:
Electron-withdrawing substituents (nitro, halogen) at
specific positions on the phenyl or benzothiazole ring
generally enhance antibacterial potency and docking
scores 1°. Heteroaryl substituents at C-2 (e.g., quinoline,
triazole, pyrimidine, thiazole, isatin) often yield stronger
activity than simple aryl or alkyl groups 21938,

Hybrid molecules combining benzothiazole with other
bioactive heterocycles frequently outperform their
individual “molecular

fragments, supporting the

hybridization” strategy 21°,

Subtle changes in substituent position (meta vs. para) and
nature (electron-withdrawing vs. donating) can shift not
only potency but also selectivity toward bacterial vs.
fungal targets °. These SAR insights guide rational
design of next-generation benzothiazole antibacterials

with improved potency and spectrum.
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Future Perspectives
Despite substantial progress, several challenges and
opportunities remain for benzothiazole-based
antibacterials.

» Invivo evaluation and pharmacokinetics

Most benzothiazole derivatives have been evaluated
primarily in vitro, with limited data on in vivo efficacy,
pharmacokinetics, and toxicity. Future work should
prioritize

Assessment in appropriate animal infection models (e.g.,
MRSA, CRE, Pseudomonas pneumonia or Sepsis
models). Detailed pharmacokinetic studies to optimize
half-life,

clearance. Toxicity profiling (acute, sub-chronic) to

bioavailability, tissue  distribution, and

identify safe candidates for further development.
Translation from invitro potency to invivo efficacy will
be crucial for advancing benzothiazoles toward clinical
trials.
» Overcoming Gram-negative barriers and
resistance
Although several benzothiazoles show promising activity
against Gram-negatives, achieving robust and consistent
efficacy remains challenging due to the outer membrane
barrier and efflux pumps. Strategies include 678;
Structural optimization guided by Gram-negative
permeation rules (e.g., appropriate polar surface area,
charge, rigidity). Conjugation with siderophore or other
uptake motifs to exploit active transport pathways,
analogous to cefiderocol. Combination therapies with
efflux pump inhibitors or p-lactamase inhibitors to
enhance intracellular concentrations ¢8°,
» Target validation and multi-target design
While docking and in vitro enzyme assays suggest
multiple targets for benzothiazole derivatives, further
validation is needed: Genetic knock-out/overexpression

studies and biochemical assays to confirm target

© 2026 1IIMSIR, All Rights Reserved

engagement %1, Use of resistance selection and

whole-genome  sequencing to identify mutations
conferring reduced susceptibility, thereby validating
primary targets >2. Design of multi-target benzothiazole
hybrids that simultaneously inhibit two or more essential
enzymes (e.g., MurB and DNA gyrase), potentially
reducing resistance development 7.

» Anti-virulence and anti-biofilm approaches
Benzothiazole derivatives that modulate quorum sensing
or virulence rather than directly killing bacteria may
reduce selection pressure for resistance 747 Future
efforts could focus on: Optimizing anti-quorum sensing
benzothiazoles for human pathogens such as P.
aeruginosa, S. aureus, and Enterobacterales 7®77.
Targeting biofilm formation and persistence with
benzothiazole-based agents that disrupt extracellular
polymeric substances or biofilm regulatory pathways
76,77'

» Integration of computational design and Al
Recent advances in computational chemistry, docking,
and Al can greatly speed benzothiazole optimization.
Machine-learning models trained on existing SAR can
predict activity and ADMET for new analogues, while
high-throughput  virtual screening against multiple
bacterial targets helps identify improved scaffolds. Multi-
objective optimization can then balance potency,
selectivity, and drug-like properties to guide synthesis
more efficiently ™.

Conclusion

Benzothiazole is a versatile scaffold for discovering new
antibacterials against MDR pathogens. Recent studies
show that suitably substituted and hybrid benzothiazole
derivatives can display potent in vitro activity against
diverse Gram-positive and Gram-negative bacteria,
including MDR strains, and can hit multiple targets such

as MurB, DNA gyrase, peptide deformylase, folate
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enzymes, and quorum-sensing regulators. Structure—

activity work highlights the wvalue of electron-
withdrawing groups, heteroaryl substitution at C-2, and
optimized linkers for maximizing potency and spectrum,
but progress toward clinical use still demands in vivo
better

efficacy, Gram-negative penetration/PK, and

rigorous target validation. With modern synthetic,

computational, and  anti-virulence  approaches,

benzothiazole chemistry remains a rich platform for

future antibacterial drug discovery 12193873,
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