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ABSTRACT

The molecular hybridization of 1,2,3-triazoles with various bioactive scaffolds has become a
promising approach to the development of new antitubercular drugs, offering a versatile
platform for improving drug efficacy and specificity. This review covers key advancements
over the past decade in creating triazole-based hybrids that integrate azoles,
coumarin/chromene, isoniazid, quinoline/dihydroquinoline, quinolone, ferrocene, isatin,
furan, and other structures. These hybrid molecules generally show improved potency
against both drug-sensitive and drug-resistant Mycobacterium tuberculosis strains while
maintaining favorable toxicity profiles, making them particularly valuable in the current
landscape of rising drug resistance. Structure-activity relationship (SAR) studies highlight
that strategic substituent positioning and optimal linker selection are critical in enhancing
antimycobacterial efficacy. Furthermore, modifications to the electronic and steric
properties of the hybrids have been shown to influence their ability to bypass common
resistance mechanisms, underscoring the potential of these compounds to overcome
treatment barriers. In particular, several of these hybrids demonstrate promising activity
against MDR-TB and XDR-TB strains, suggesting potential applications for
immunocompromised patients, such as those with HIV co-infection. Collectively, these
findings offer valuable insights for the rational design of next-generation antituberculosis
agents that could transform tuberculosis (TB) treatment paradigms in both resistant and
sensitive cases of TB.
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1. Introduction

Tuberculosis, a bacterial infection caused by
Mycobacterium tuberculosis, is one of the oldest known
diseases, with a global mortality rate higher than that of AIDS
and a high prevalence among socioeconomically disadvantaged
and marginalized groups [1,2]. Despite decades of research and
intervention programs, tuberculosis remains the leading cause
of death from a single infectious agent. The disease mainly
affects the lungs (pulmonary tuberculosis) but can also affect
other organs (extrapulmonary tuberculosis) [3].

The emergence of drug-resistant strains, particularly
Multiple Drug-Resistant TB (MDR-TB) and Extensively Drug-
Resistant TB (XDR-TB), has complicated treatment protocols
and reduced success rates. In 2024, approximately 484,000
cases of MDR-TB were reported worldwide, highlighting the
urgent need for innovative therapeutic approaches [4]. The
WHO-recommended TB treatment regimens face significant
challenges [5]. Drug-sensitive tuberculosis requires 6-8 months
of first-line therapy, leading to poor patient compliance and
potential development of MDR tuberculosis. Treatment of MDR-
TB and XDR-TB requires more expensive, more toxic and less
effective second- and third-line drugs with extended treatment
durations. Additional complications arise from drug interac-
tions between TB medications and antiretroviral therapy in

HIV/AIDS patients, and the difficulty in identifying and treating
latent TB before an active disease develops [6].

The interplay between TB and HIV greatly intensifies the
public health challenge, with HIV-positive individuals facing an
18-fold higher risk of developing active TB. Furthermore, the
COVID-19 pandemic has severely impacted TB services
globally, undoing years of progress in TB control. The World
Health Organization estimates that disruptions due to the
pandemic have resulted in a 20% increase in tuberculosis
deaths from 2020 to 2024 [7,8].

Click chemistry represents a groundbreaking paradigm in
chemical synthesis, comprising a suite of highly efficient,
selective, and modular reactions that proceed rapidly under
mild conditions to form covalent bonds between molecular
building blocks [9-11]. The copper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC) reaction, the quintessential example of
click chemistry, has revolutionized diverse fields, including
drug discovery [12-16], materials science [17], and bioconju-
gation [18-20]. This methodology, first conceptualized by
Sharpless and colleagues, is characterized by stringent criteria:
stereospecificity, high yields, simple reaction conditions,
readily available starting materials, and environmentally
benign solvents. In the context of tuberculosis research, click
chemistry has emerged as an invaluable tool for developing
novel antimycobacterial agents, particularly in the modification
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Figure 1. (a) Cu-catalyzed azide-alkyne cycloaddition (CuAAC) and (b) strain-promoted azide-alkyne cycloaddition (SPAAC) reactions as powerful tools for

bioorthogonal labeling and efficient molecular assembly.

of existing drug scaffolds and the synthesis of targeted drug
delivery systems against Mycobacterium tuberculosis. The
bioorthogonal nature of the reaction, coupled with its
compatibility with physiological conditions, has facilitated the
development of fluorescent probes to study the components of
the mycobacterial cell wall and enabled the strategic
modification of lead anti-TB compounds, including the
functionalization of the isoniazid and rifampicin derivatives.
The versatility of click chemistry is further exemplified by its
expanding repertoire, which now includes strain-promoted
azide-alkyne cycloaddition (SPAAC), thiol-ene reactions, and
inverse electron-demand Diels-Alder reactions, collectively
providing a robust toolkit for the rational design of novel anti-
TB therapeutics and diagnostic tools, particularly significant in
addressing the challenges posed by drug-resistant TB strains
[21-24].

This review examines the transformative role of click
chemistry in tuberculosis research, focusing on its use in drug
discovery over the past decade. We critically analyze how click
chemistry methodologies have advanced our understanding of
TB pathogenesis and contributed to the development of novel
therapeutic strategies against drug-resistant Mycobacterium
tuberculosis strains. Special emphasis is placed on copper(I)-
catalyzed azide-alkyne cycloaddition reactions in anti-TB drug
development, biomarker detection, and the modification of
existing drug scaffolds. Furthermore, this review evaluates
emerging click chemistry approaches that show promise in
addressing current challenges in TB treatment and diagnosis,
providing insight into future directions for combating this
persistent global health threat.

2. Fundamentals of click chemistry in TB research

2.1. Conventional TB drug modification approaches face
critical limitations

Isoniazid, the most widely prescribed antituberculosis
agent [23,25], requires KatG-encoded catalase-peroxidase
activation to form the inhibitory INH-NAD adduct, where
specific molecular geometry and hydrogen bonding networks
are [16] synthetic methodologies struggling to maintain critical
hydrogen bonding networks while introducing novel functional
groups, given the spatial constraints inherent in the mechanism
of action of the drug and the target interaction [26].

Rifampicin exhibits significant pH-dependent stability
characteristics, demonstrating complex degradation kinetics
across physiologically relevant pH ranges. Studies utilizing
HPLC-MS/MS analysis reveal that rifampicin undergoes rapid
degradation under strongly acidic conditions (pH = 1.2),
primarily through hydrolytic cleavage that leads to the
formation of 3-formyl rifamycin SV as the predominant
degradation product. The stability profile shows marked

improvement at pH = 4.5, with optimal stability observed at pH
= 6.8, while slightly alkaline conditions (pH = 7.4) initiate a
secondary degradation pathway. This pH-dependent degra-
dation pattern significantly influences both pharmaceutical
formulation strategies and drug bioavailability profile,
necessitating careful consideration in drug delivery system
design and stability optimization protocols [27].

The pronounced thermal sensitivity of rifampicin presents
significant constraints for chemical modification strategies. The
drug exhibits critical instability at temperatures above 40 °C,
undergoing oxidative degradation that predominantly produ-
ces rifampicin quinone, following the first-order degradation
kinetics [28]. This thermal liability poses substantial challenges
for conventional synthetic methodologies, which often require
elevated temperatures for efficient reactivity [28].

2.2. Click chemistry’s unique synthetic advantages in TB
drug development

2.2.1. Mechanistic insights into click chemistry

Click chemistry in the development of TB drugs uses
primarily two fundamental cycloaddition approaches (Figure
1). Copper-catalyzed azide-alkyne cycloaddition (CuAAC) and
strain-promoted azide-alkyne cycloaddition (SPAAC).

The copper(I)-catalyzed azide-alkyne cycloaddition
(CuAAC) reaction, representing the cornerstone of click
chemistry applications in TB research, demonstrates remark-
able efficacy under physiological conditions, enabling precise
molecular modifications of antitubercular compounds. This
reaction proceeds through a stepwise mechanism involving the
formation of copper(l) acetylide, followed by azide coor-
dination and metallocycle formation, which ultimately
produces 1,2,3-triazole and 1,2,4-triazole products with excep-
tional regioselectivity [29] (Figure 2). The catalytic system,
typically employing CuSO4/sodium ascorbate or Cu(l) salts with
specialized ligands such as TBTA, ensures rapid reaction
kinetics while maintaining biocompatibility [30].

2.2.2. Click chemistry from structural modification to
biological applications

Structural modification of existing TB drugs, particularly
isoniazid and ethambutol, where CuAAC enables the precise
integration of triazole linkers. These modifications serve two
purposes: enhancing lipophilicity to improve mycobacterial cell
wall penetration and to provide new pharmacophoric elements
that often strengthen binding to target enzymes [31]. The
hydrogen bond capabilities of the triazole ring and rigid
geometry have been proven to be particularly valuable in
optimizing drug-target interactions.
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Figure 2. (a) Mechanism of the copper-catalyzed azide-alkyne aycloaddition (CuAAC). The diagram illustrates the copper(I)-catalyzed azide-alkyne cycloaddition
(CuAAC) process, showing the formation of 1,2,3-triazoles from azide and alkyne reactants. (b) Mechanism of the strain-promoted azide-alkyne cycloaddition.
The figure illustrates the use of the cyclooctyne ring tension to promote 1,3-dipole cycloaddition with azide groups.

CuAAC also facilitates the creation of hybrid molecules,
combining TB drugs with other bioactive compounds [32]. This
approach has yielded dual-action compounds, where the
triazole linker not only connects the pharmacophores but also
contributes to the overall biological activity. The synthetic
flexibility of CuAAC allows systematic exploration of linker
length and positioning, which are critical to optimizing the
efficacy of hybrid molecules. The reaction enables the
development of conjugated delivery systems, particularly in the
creation of targeted nanocarriers [33]. Here, the efficiency of
CuAAC in aqueous conditions proves crucial for the surface
modification of delivery vehicles, allowing the attachment of
targeting ligands and drug molecules while maintaining their
biological activity.

The Mubarak H. Shaikh research group employed CuAAC
methodology to design and synthesize novel isoniazid-
coumarin hybrid molecules. The synthesized compounds
demonstrated minimum inhibitory concentrations (MIC) as low
as 0.12 pg/mL against M. tuberculosis H37Rv strain. Structure-
activity relationship analysis revealed that electron-with-
drawing substituents on the coumarin ring enhanced antimyco-
bacterial activity, while electron-donating substituents
diminished potency. This investigation exemplifies the
successful application of click chemistry in the development of
potential antituberculosis agents through the strategic
integration of pharmacophoric features of isoniazid and
coumarin scaffolds [34].

In mycobacterial systems, the application of click chemistry
necessitates careful consideration of reaction parameters,
including catalyst selection, pH optimization, and solvent
compatibility. The emergence of copper-free alternatives,

particularly strain-promoted azide-alkyne cycloaddition
(SPAAC) (Figure 1), has addressed concerns about copper
toxicity in biological systems, facilitating live-cell applications
and intracellular targeting of mycobacterial components. These
methodologies have proven instrumental in developing
fluorescent probes to study the assembly and metabolic
processes of mycobacterial cell walls [35].

Anna Krajczyk's team engineered a series of 5’-O-[N-
(salicylidene) aminosulfonyl]-2-aryl-8-azido-3-deazaadenosi-
nes catalytically catalyzed by copper-free palladium to block
the biosynthesis of mycobacteriocin in Mycobacterium
tuberculosis (Mtb) by inhibiting the essential adenylate lyase
MbtA. These modified nucleosides were shown to inhibit MbtA
with apparent Ki values ranging from 6.1 to 25 nM and inhibit
Mtb growth under iron-deficient conditions with minimum
inhibitory concentrations ranging from 12.5 to > 50 uM [36].

The mechanistic versatility of click reactions extends to
thiol-ene [37] and [38] chemistries, which have particular
relevance in targeting mycothiol-dependent processes in M.
tuberculosis. These reactions provide complementary
approaches for drug modification and conjugation, expanding
the synthetic toolkit available for anti-TB drug development.
The optimization of these reactions for mycobacterial applica-
tions has required a systematic evaluation of reaction kinetics,
stability profiles, and biological compatibility, particularly
regarding cell wall penetration and intracellular accessibility.

The analytical validation of click chemistry applications in
TB research employs sophisticated instrumentation, including
[39], advanced NMR techniques [40], ultrasonic irradiation-
assisted method [41], and specialized chromatographic
methods [42]. These analytical approaches ensure precise
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Figure 3. Structure of various triazole-appended potent drug candidates against various diseases.

characterization of click-chemistry products and their
biological effects on mycobacterial systems, supporting both
drug development and mechanistic studies in TB research.

3. Triazole heterocycle as a valuable scaffold in drug
discovery

Triazole, a fundamental building block, is a five-member
heterocyclic compound with three nitrogen atoms and exists in
isomeric forms known as 1,2,3-triazole and 1,2,4-triazole.
Natural and synthetic molecules that have a triazole framework
attract medicinal chemists due to their enormous therapeutic
potential (Figure 3) such as antifungal [43], antivirus [10,23],
anticancer [44-46], antitubercular [47], antibacterial [48,49],
anticonvulsant [50] and anti-inflammatory [51].

4. 1,2,3-Triazole hybrids as potent anti-TB agents

It is well known that 1,2,3-triazoles and their derivatives
possess a wide range of pharmacological activities, including
antituberculosis activity. Molecular hybridization of 1,2,3-
triazoles with various pharmacophores may provide novel,

effective, and safe drug candidates to combat tuberculosis. This
section will introduce various emerging 1,2,3-triazole
compounds.

4.1. Azole-1,2,3-triazole hybrids

A promising strategy involves the combination of
nitroimidazoles with 1,2,3-triazoles, given that nitroimidazoles
and related compounds show broad antimicrobial activity
against mycobacteria, parasites, and both Gram-positive and
Gram-negative anaerobic bacteria [52] (Figure 4). Following
this approach, a structural modification of the delamanid was
performed where rings D and E were substituted with a 1,2,3-
triazole and aryl system. The resulting 1,2,3-triazole-imidazo-
oxazole hybrid compound showed significant antitubercular
activity against MTB H37Rv with MIC values ranging from 0.23
to 8.58 uM [53].

Similarly, the 1, 2, 3-triazole-imidazo[2, 1-b][1, 3, 4]thia-
diazole hybrids demonstrated notable antitubercular activity
against MTB-H37Rv (ATCC27294), with MIC values ranging
from 3.12 to 50.0 pg/mL.
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Figure 5. Structures of some 1,2,3-triazole-coumarin hybrids (5a-c, 6a-b and 7a-b) as potent antitubercular agents.

Structural modification of the delamanid, replacing rings D
and E with 1,2,3-triazole and aryl systems, yielded active hybrid
1. The triazole group showed optimal activity at C-ring
positions 3 or 4, with -F or -OCF3 substituents enhancing
potency. The lead compound 1a demonstrated strong in vivo
efficacy and synergy with first-line TB drugs [53]. Two
compounds in particular, hybrids 2a and 2b, showed potency
equivalent to the first-line drug ethambutol, all with MIC values
of 3.12 pg/mL. Structure-activity relationship (SAR) studies
revealed that biological activity could be optimized through
appropriate modification of substituents R1 and R2 on the
hybrid scaffold. Importantly, cytotoxicity studies of hybrids 2a

and 2b wusing NIH 3T3 mouse embryonic fibroblasts
demonstrated their safety profile, showing no toxicity to
normal cells [54]. The modification of Zolpidem yielded hybrid
compounds 3, incorporating 1,2,3-triazole and imidazo[1,2-a]
pyridine scaffolds. Compounds 3 showed improved anti-TB
activity (MIC 1.56 pg/mL) versus Zolpidem and Pyrazinamide
(both MIC 3.12 pg/mL), with molecular docking confirming
InhA binding through Tyr158 [55]. Pyrazolo[4,3-c]pyridine-
5(4H)-carboxamide hybrids 4 showed activity against MTB
strains (MIC 24.72-200 uM), including drug resistant Spec. 210
and sensitive Spec. 192. The lead compound 4 demonstrated
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potent MTB-PS inhibition (ICso 1.01 uM), good anti-TB activity
(MIC 24.72 pM), and low toxicity to RAW 264.7 cells [56].

4.2. Coumarin/chromene-1,2,3-triazole hybrids

Coumarin, structurally known as 2H-1-benzopyran-2-one,
represents a key scaffold found in numerous complex natural
products that exhibit various biological activities [57]. The
strategy of combining the coumarin framework with 1,2,3-
triazole heterocycles through molecular hybridization offers
the potential to develop new anti-TB agents with enhanced
efficacy and safety profiles (Figure 5). For example, 1,4-
disubstituted bis-chromene-1,2,3-triazole hybrids 5a, 5b, and
5c (Figure 4) showed promising in vitro potency against the
Mycobacterium tuberculosis H37Rv strain with MIC values of
6.25 pg/mL, comparable to the reference drug streptomycin
(MIC: 6.25 pg/mL) [58]. The introduction of benzo and chloro
substituents demonstrated enhanced antimycobacterial
activity. Comparative analysis revealed that these hybrids
showed superior activity compared to 2H-chromen-2-one
compounds containing hydrazone units (MIC: 50-100 pg/mL)
and benzyl triazoles (MIC: 16 pg/mL), validating the
effectiveness of this molecular hybridization strategy for
developing potent anti-TB agents. In particular, bis-chromenyl
triazole hybrids exhibited significantly higher potency (MIC:
0.2-12.5 pg/mL) against MTB H37Rv compared to their
monochromenyl triazole counterparts (MIC: 50-100 pg/mL),
highlighting the beneficial effect of incorporating two triazole
units along with the coumarin core for improved
antimycobacterial activity (6a, 6b, 7a, 7b) [59].

4.3. Isoniazid-1,2,3-triazole hybrids

Isoniazid (INH) and 1,2,3-triazole compounds share a
similar mechanism of action through inhibition of the bacterial
cell wall. Therefore, the combination of these pharmacophores
into hybrid molecules presents an opportunity to develop novel
antitubercular agents with enhanced activity [60]. The
isoniazid-1,2,3-triazole hybrid 6 (Figure 6) exhibited anti-
tubercular activity against the MTB-H37RV strain with an MIC
value of 1.56, while showing minimal toxicity towards RAW
264.7 macrophages. Two key enzymes involved in myco-
bacterial cell wall synthesis and bacterial growth are enoyl-ACP
reductase (InhA) and DNA gyrase. Molecular docking studies
revealed that compound 8 demonstrates a strong binding

affinity for DNA gyrase and InhA, suggesting its potential as a
promising lead compound for the development of mechanism-
based antituberculosis agents [61]. Hybrids 9a-e demonstrated
favorable safety profiles with low cytotoxicity (MDLso > 1000
pg/mL) when tested against both hepatoma HepG2 liver cells
and BGM kidney cells. Their high selectivity index suggests that
these compounds could be promising candidates for the
development of safe and effective antitubercular agents [62].
Similarly, INH-incorporated triazole compounds 8 showed
notable antitubercular activity against M. tuberculosis H37RV
strain (MIC: 0.78-3.125 pg/mL) while demonstrating no
toxicity to RAW 264.7 macrophages at concentrations up to 25
pg/mL. Molecular modeling analysis revealed that these
hybrids 10 interact with InhA’s active sites through a complex
network of bonded and non-bonded interactions. Further
optimization of these compounds could provide a foundation
for the development of InhA-specific antitubercular agents [63].
Hybrid 11 showed potent anti-TB activity (MIC99 0.39-0.78
uM) against the H37Rv strain with no toxicity to THP-1 cells at
50 uM [64].

4.4. 1,2,3-Triazole-Quinoline/dihydroquinoline hybrids

Quinoline serves as a core scaffold in medicinal chemistry
[65]. A significant breakthrough occurred in 2013 when
bedaquiline, the first drug based on diarylquinoline, received
FDA approval to treat pulmonary MDR-TB. Bedaquiline works
by inhibiting mycobacterial ATP synthase, preventing M.
tuberculosis growth [66]. However, it has several limitations,
including side effects (nausea, chest pain, joint pain, headache)
and stereochemical constraints, since only the 1R,2S isomer
shows activity. To address these limitations, the molecular
hybridization strategy combining quinoline with 1,2,3-triazole
scaffolds was used to develop more potent and selective
analogues (Figure 7).

Quinoline-4-yl-1,2,3-triazole derivatives containing amide
12, sulfonamide 13, and amidopiperazine 14 moieties demonst-
rated significant antimycobacterial activity in vitro. These
compounds were effective against multiple mycobacterial
strains, including M. tuberculosis H37Rv, M. smegmatis, and M.
fortuitum, with MIC values in the range of 0.625 to 10 pg/mL
[67]. SAR analysis of 1,2,3-triazole-dihydroquinoline hybrids
12 (MIC: 1.56-25 pg/mL) confirmed the importance of
substituents attached to the 1,2,3-triazole ring.
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Hybrid 15a (MIC: 1.56 pg/mL) emerged as a significant
compound in this series with low cytotoxicity against HEK-
293T cell lines [68]. Related spiro-hybrid systems 16 (MIC:
1.13-25.0 pM) showed promising antitubercular activity
against M. tuberculosis H37Rv (ATCC27294) compared to the
standard drug ethambutol (MIC: 7.64 pM), while maintaining
low toxicity against RAW-264.7 cell lines. The presence of
electron-withdrawing groups (-F, -Cl, -Br) at the 4th position of
the benzoyl system in hybrid 16 proved crucial for activity.
Additionally, substitution at the fifth position of the isatin
moiety in 16 also influences its biological activity [69].

The derivative 17 has been tested for in vitro antibacterial
activity against Mycobacterium tuberculosis H37Rv, Escherichia
coli, Proteus mirabilis, Bacillus subtilis and Corynebacterium
diphtheriae, showing good antibacterial activity and excellent
to good antituberculosis activity, with MIC values of 62.5 and
3.33 uM, respectively. The compound also achieved high
docking scores in two targets, 8.291 and 8.885 Kcal/mol.
Molecular dynamics studies investigated the structural and
dynamic transitions of Staphylococcus aureus DNA gyrase (PDB
code 2XCT) and Mycobacterium tuberculosis DNA gyrase (PDB
code 5BS8) at the atomic level. The results indicated that
throughout the MD simulation, the residues in the active
binding pockets of the Staphylococcus aureus and
Mycobacterium  tuberculosis DNA gyrase proteins that
interacted with compound 17 remained relatively consistent,
reflecting the conformational stability of the respective
complexes [70].

Compound 18 has been tested for in vitro antibacterial
activity against Mycobacterium tuberculosis H37Rv, which
shows excellent antituberculosis activity with an MIC value of
6.24 pg/mL. This compound also showed promising
antibacterial activity against Escherichia coli and other Gram-
positive bacteria, with MIC values in the low micromolar range.
18 achieved high docking scores on two targets, 8.291 and
8.885 Kcal/mol, indicating a strong affinity for the active sites
of the enzymes. Molecular dynamics studies revealed that
throughout the MD simulation, the residues in the active
binding pockets of Staphylococcus aureus DNA gyrase (PDB
code 2XCT) and Mycobacterium tuberculosis DNA gyrase (PDB
code 5BS8) that interacted with compound 18 remained
relatively consistent, reflecting the conformational stability of
the respective complexes, which underscores/highlighting ? its
potential as a leading candidate for further development in
tuberculosis therapeutics [71].

4.5. 1,2,3-Triazole-quinolone hybrids

Quinolones represent a significant and widely studied class
of traditional antibiotics known for their broad-spectrum
antibacterial activity. These compounds are particularly
effective against a variety of bacterial infections due to their
mechanism of action, which involves inhibiting bacterial DNA
gyrase and topoisomerase IV enzymes essential for DNA
replication and repair. Over the years, quinolones have been
extensively developed and optimized, resulting in various
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Figure 8. Structure of some 1,2,3-triazole-quinolone hybrids 17-22 as potential anti-TB activity.

27a: R=Br,n=2
27b: R=Br,n=6
n=23,4,5,6,8

n=23,4,5,6,8

Figure 9. Structure of some antitubercular active 1,2,3-triazole-ferrocene hybrids 25-28.

generations that address Gram-positive and Gram-negative
bacteria [72]. Their versatility and effectiveness have
established quinolones as valuable agents in the treatment of
respiratory, urinary tract, gastrointestinal, and skin infections,
making them indispensable in modern antibiotic therapy.
Several fluoroquinolones, including ciprofloxacin (CPFX),
ofloxacin, gatifloxacin (GTFX), moxifloxacin (MXFX), and
levofloxacin, have demonstrated exceptional activity profiles.
Some of these compounds have been designated by the WHO as
second-line treatments for tuberculosis [73]. Fluoroquinolones
function by inhibiting type Il topoisomerases (specifically
topoisomerase IV and DNA gyrase) in bacteria, making them
attractive candidates for antitubercular drug development [74].
Since the penetration of fluoroquinolones in the bacterial cell
wall depends on lipophilicity, enhancing the lipophilic
character in position C-7 can lead to improved antitubercular
activity [75].

Given the notable characteristics of 1,2,3-triazole rings
under physiological conditions, combining this framework with
quinolones offers potential for the development of anti-
tubercular drug candidates with improved therapeutic efficacy
(Figure 8). For example, compound 19, which features a methyl
group at the N-9 position, demonstrated significant in vitro
antituberculosis activity (MIC: 0.5 pg/mL) against both M.
tuberculosis H37Rv and H37Ra strains, while showing a
favorable cytotoxicity profile against MT4 cells (CCso > 100
pg/mL).

1H-1,2,3-triazole-linked 8-OMe-CPFX-isatin hybrids 20
showed enhanced activity against both MTB-H37Rv and MDR-
TB compared to ciprofloxacin (CPFX), 8-OMe-CPFX and
rifampicin (RIF). SAR studies revealed that the C-5 substituents
on isatin followed the potency order -F > -H > -Me > -OMe, while
for the imine/carbonyl position, methyloxime = ethyloxime >
carbonyl group. Hybrid 21 demonstrated significantly higher
activity than CPFX and 8-OMe-CPFX, matching RIF’s potency.
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Figure 10. 1,2,3-Triazole-Isatin hybrids as a potent antitubercular agent 29-32.

The derivative 22 showed that replacing 8-OMe with H on
the CPFX moiety maintained similar activity levels [76-78].
Compound 23 showed comparable potency to first-line anti-TB
drugs against MTB-H37Rv and demonstrated significantly
higher activity against MDR-TB, suggesting a novel mechanism
for treating drug-resistant TB. While these hybrids maintained
acceptable cytotoxicity profiles, their toxicity was somewhat
higher than that of ciprofloxacin [79]. Acetyl-linked
gatifloxacin-1,2,3-triazole-isatin hybrids 24 demonstrated
strong activity against H37Rv and two MDR-MTB strains: MDR-
MTB1 and MDR-MTB2, showing favorable activity profiles
compared to the reference compounds gatifloxacin (GTFX),
rifampicin (RIF), and isoniazid (INH) [80].

4.6. 1,2,3-Triazole-ferrocene hybrids

Ferrocene-1,2,3-triazole hybrids offer a highly promising
approach to the development of new antitubercular drug
candidates. These hybrid compounds leverage the unique redox
properties of ferrocene alongside the bioactivity of the 1,2,3-
triazole ring, creating a potent framework to target
Mycobacterium tuberculosis. By combining these distinct
molecular characteristics, ferrocene-1,2,3-triazole hybrids
have shown significant potential to enhance antimycobacterial
activity, making them a valuable focus in the search for effective
treatments against tuberculosis, including drug resistant
strains (Figure 9). Compounds 25 and 26 (MIC: 107-463 pM)
showed moderate to significant antitubercular activity against
M. tuberculosis mc2 7000, compared to the standards
ampicillin, ethambutol, isoniazid, and rifampicin (MIC: 72-144,
90.36, 2.92, and 0.12 pM, respectively). The studies confirmed
that isatin moieties contributed more positively to activity than
B-lactam groups [81]. The 1,2,3-triazole-linked uracil-ferrocene
hybrids 27 and 28 were generally inactive at 50 pg/mlL,
although ferrocene improved activity compared to N-
alkylazido-uracils, while ferrocenyl-chalcone decreased it. The
SAR showed that activity depends on C-5 substituents and
spacer length. Compounds 25a, b, with C-5 bromine and spacer
lengths n = 2 or 6, were most active (MIC 27 pg/mL) and
showed no toxicity to HeLa cells at 100 pg/mL [82].

4.7.1,2,3-Triazole-Isatin hybrids

1H-indole-2,3-dione (Isatin) represents a privileged
scaffold, and its hybrids with 1,2,3-triazoles have shown
promise as new antitubercular agents (Figure 10). Isatin-oxime
ether-triazole hybrids that met drug-likeness criteria
demonstrated significant activity against M. tuberculosis H37Rv
strain, with compounds 29a-d showing promising MIC values
and good selectivity indices [83].

Hybrids containing an isoniazid core showed superior
activity against M. tuberculosis mc2 6230 compared to those
with semicarbazide or pyrazine-2-carbohydrazide units, while
maintaining low cytotoxicity. Notably, hybrids 30a-b, featuring
isoniazid units and electron-donating groups at isatin’s C-5
position, emerged as the most potent compounds, although
further optimization is needed for INH-resistant strains [84].
Isatin-1,2,3-triazole hybrids 31 showed activity against MTB
H37Rv, with activity influenced by phenyl ring substitution
patterns. Compounds 31a and 31b (ICso: 7.56 and 8.09 pg/mL)
were most active, although less potent than rifampicin (ICoo:
0.043 pg/mL) and isoniazid (ICe0: 0.075 pg/mL) [85]. 1,2,3-
triazole-isatin 32, connected to isatin through tetraethylene
glycol, showed activity against H37Rv and MDR-TB (MIC: 64-
512 pg/mL). N-1 aryl substitution-controlled lipophilicity,
while C-5 fluorination enhanced activity. The activity of the C-3
substituent was classified as: -NOMe > -NOEt > -NNHCONH? > -
0 >-NOH. Hybrid 30 (MIC: 128 pg/mL H37Rv, 64 pg/mL MDR-
TB) was 8 times more potent than isoniazid against MDR-TB
[86].

4.8. 1,2,3-Triazole-furan hybrids

Furans, particularly nitrofurans, represent significant
antimicrobial pharmacophores due to their activation by
nitroreductase enzymes in microorganisms. Therefore, the
combination of nitrofuran scaffolds with 1,2,3-triazoles could
yield promising new antitubercular candidates [87] (Figure
11).

The furan/nitrofuran-1,2,3-triazole hybrids 33 showed
effective activity against M. tuberculosis H37Rv, comparable to
ethambutol.
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R4=H;NO2;Br
R,=H;CI;Br;F

34a: R=4-B
34b: R=3-OMe

Figure 11. Chemical structures of 1,2,3-triazole-furan hybrids 33-35.

SAR studies demonstrated that nitrofuran variants were
more potent than furan hybrids, with increased activity
observed in compounds with lower lipophilicity and smaller R1
substituents [88]. Hybrids 34a, b emerged as the most effective
compounds in the series, demonstrating high potency and low
cytotoxicity [89]. The SAR analysis of hybrid 32 showed that the
electron-donating groups (like -OMe) provided better activity
compared to the electron-withdrawing groups (such as -NOz, -
COOMe). (+) Ustic acid, a lichen metabolite, shows anti-TB
activity. Ustic acid 35 (MIC: 2.5 uM) demonstrated enhanced
potency through the substitution of fluorine and the
incorporation of cyclic sulfonamide in the usnic acid scaffold,
suggesting potential as a lead compound [82].

4.9. Miscellaneous 1,2,3-triazoles

Triclosan functions as an antibacterial and antifungal agent
commonly found in various consumer and medical products. As
an antitubercular compound, it directly inhibits the InhA
enzyme without requiring KatG activation, distinguishing it
from some other TB drugs [90]. Poor bioavailability limits the
use of triclosan as an antitubercular agent. Molecular hybrid-
dization with pharmacophores such as 1,2,3-triazoles can
enhance its biological activity. Researchers have explored
various modifications of these hybrids to study how substituent
properties, phenyl groups, alkyl chain length, and triazole link
positions affect their efficacy [91] (Figure 12).

The SAR analysis revealed that the methylenic links
between the triazole and aromatic frameworks reduced the
activity. On the contrary, increasing the length of the alkyl chain
increased the potency, with optimal activity observed in
compounds containing a 12-carbon chain (36, MIC: 0.25
pug/mL) [92]. 1,2,3-Triazoles combined with tricyclic frame-
works showed promising anti-TB activity, with potency
following the order: dibenzo[b,d]thiophene > dibenzo[b,d]
furan > 9-methyl-9H-carbazole. Hybrids 37a-b demonstrated
high potency with minimal cytotoxicity against multiple cell
lines, showing superior activity compared to pyrazinamide and
ethambutol [93,94]. Phenanthridine-triazole hybrids 38
showed notable activity against M. tuberculosis H37Rv. SAR
studies revealed that para-OMe substituents enhanced activity
15 times compared to meta-substitution. The introduction of a
sulfonyl group between triazole and phenyl rings significantly
improved activity, likely because of hydrogen bond
acceptability. Compound 38a demonstrated superior potency
compared to hybrids 38b,c [95].

Linezolid, an oxazolidinone-class antibiotic with a MIC of
1.0 pg/mlL, is recognized for its role in inhibiting protein
synthesis and has been endorsed by the WHO for the treatment
of multidrug-resistant (MDR) and extensively drug-resistant
(XDR) tuberculosis [96]. However, the prolonged use of
oxazolidinones is associated with adverse effects, underscoring
the urgent need to develop novel compounds within this class
that exhibit improved efficacy. In this context, a 1,2,3-triazole
oxazolidinone hybrid, designated as compound 39, has been
synthesized by modifying the morpholine ring of linezolid and
replacing the amide group with its bioisosteric 1,2,3-triazole.
This modification resulted in a compound exhibiting potent
activity against the M. tuberculosis H37Rv strain, with a
reduced MIC of 0.5 pg/mL [97]. Furthermore, a diarylpyrrole-
oxazolidinone-1,2,3-triazole hybrid, known as compound 40,
has demonstrated significant antibacterial activity against M.
tuberculosis H37Rv, M. tuberculosis RifR, and M. tuberculosis
XDR, with MIC values of 2.0, 4.0, and 8.0 pg/mL, respectively
[98]. These hybrid compounds have also shown nontoxicity
against mouse macrophage cells (J-774A), with a selectivity
index (SI) greater than 10, suggesting their potential as leads
for the optimization of new antitubercular drugs. Additionally,
a simple 1,2,3-triazole derivative, compound 41, has shown
notable activity against the M. tuberculosis H37Rv strain, with
a MIC of 3.75 pg/mL, which is comparable to the activity of the
standard anti-TB drug, isoniazid [99]. This finding underscores
the potential of these chemical modifications to improve the
efficacy of antitubercular agents and warrants further
exploration for the development of more effective tuberculosis
therapies.

The 1,4-disubstituted-1,2,3-triazolyl fatty esters, specifi-
cally compounds 42a and 42b, with MIC values of 1.9 and 1.7
UM respectively, have demonstrated significant anti-
tuberculosis activity against the M. tuberculosis H37Rv strain,
as reported in reference [100]. Structure-activity relationship
(SAR) analysis has indicated that the length of the alkyl chain
attached at the fourth position of the triazole ring plays a key
role in determining the activity of the compounds. Additionally,
ester derivatives have been observed to exhibit higher potency
compared to those of their corresponding acid or alcohol forms.
Furthermore, the study has shown that 1,4-substituted
triazoles possess a superior antituberculosis potency over their
1,5-substituted counterparts. These findings underscore the
importance of structural modifications in enhancing the
efficacy of antituberculosis agents.
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Figure 12. Structure of some miscellaneous 1,2,3-triazole hybrids 36-44 as potential antitubercular activity.

Compounds 43a and 43b, which are 1,2,3-triazolyl
xanthenones, have shown a range of modest to significant
antituberculosis activity against the M. tuberculosis H37Rv
strain, with minimum inhibitory concentrations (MICs) ranging
from 3.125 pg/mL to 225 pg/mL, and have been found to be
cytotoxic against HEK cell lines, as documented in reference
[101]. Structure-activity relationship (SAR) studies have
highlighted that substitution at the 4-position (specifically 4-Cl
and 4-OMe) on the triazole ring (designated as the R1 position)
significantly influences the potency of the compounds. The MIC
values of the hybrid compounds 43a and 43b, both at 3.125
pg/mL, have confirmed that an R1 substitution of 4-Cl is
optimal for activity. Furthermore, it has been observed that the
presence of methyl groups on the 1,3-cyclodione moiety does
not affect the potency of these compounds. These insights into
the structure-activity relationship are crucial for the design of
more effective antituberculosis agents.

The 1,2,3-triazole-linked diindolylmethane derivative,
compound 44, has exhibited moderate to significant activity

against Mycobacterium tuberculosis H37Rv, affecting both the
dormant and active stages of the bacteria with an ICso of up to
1.0 pg/mL, as reported in the reference [102]. This hybrid
compound was particularly potent, with 1Cso values of 1.0
pug/mL against the active state and 3.0 pg/mL against the
dormant state of tuberculosis.

Structure-activity relationship (SAR) analysis of these
hybrid compounds has indicated that electron-withdrawing
groups (EWGs), such as -NO2z or halogen atoms (-X), generally
enhance activity, while electron-donating groups (EDGs), such
as -Me or -OMe, tend to reduce the bioactivity. Furthermore, the
position of the substituents on the triazole ring significantly
influences the potency, with the order of activity being 2-NOz >
3-NO2z > 4-NOz2 versus both the active and dormant forms of M.
tuberculosis H37Rv. These findings provide valuable insights
for the optimization of antituberculosis agents.
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5. Conclusions

Molecular hybridization of 1,2,3-triazoles with bioactive
scaffolds represents a crucial strategy for developing novel
antitubercular agents. The incorporation of triazoles with
pharmaceutically active frameworks such as azoles,
coumarin/chromene, isoniazid, quinoline/dihydroquinoline,
Quinolone, ferrocene, isatin, furan, and others has yielded
compounds with enhanced efficacy and improved safety
profiles compared to those of parent molecules.

This review covers the innovations of the last decade in
triazole-based antitubercular drug development, highlighting
significant advances in both in vitro and in vivo studies. The
hybridization approach has successfully opened new avenues
for the development of potent antitubercular agents, providing
medicinal chemists with valuable insights for rational drug
design.

Comprehensive SAR studies have illuminated the optimal
structural features, guiding the selection of substituents and
scaffolds to maximize therapeutic potential. These insights
facilitate the development of compounds targeting both drug-
sensitive and resistant tuberculosis strains (MDR and XDR-TB),
including cases complicated by immunosuppressive conditions.
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