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ABSTRACT

Benzotriazole is a bicyclic heterocyclic compound that has important
implications in medicinal chemistry due to multiple biological
activities. Benzotriazole is characterized by fused benzene and triazole
ring having molecular formula C¢HsNs and provides unique electronic
properties that enhance its stability and reactivity at the same time.
Literature showed that wide range of pharmacological activities like
antibacterial, anti-inflammatory, and anticancer properties are present
with benzotriazole derivatives. Notably, some derivatives showed
potent antimicrobial activity against resistant strains such as MRSA.
The potential of benzotriazole derivatives to inhibit critical enzymes
and modulate biological pathways positions them as promising
candidates for drug development. Moreover, advances in synthetic
methodologies allowed preparation of novel derivatives with improved
efficacy and safety profiles. However, toxicity, bioavailability, and
resistance development still continue to pose challenges in the

successful application of these compounds at a clinical level. This review integrates existing

information with benzotriazole derivatives concerning the synthesis, biological activities, and

potential applications as therapeutic agents with its flexibility and importance in the realm of

drug design. This review aims to encouragement of further research by exploring structure-

activity relationships and recent advances in the field for benzotriazole's therapeutic potential

across a number of disease models.

KEYWORDS: Benzotriazole, Heterocyclic Scaffold, Anticancer, anti-inflammatory,

Antiviral, Antimicrobial, Drug Development.
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INTRODUCTION

Benzotriazole (BZT) is an organic compound.™ It is a bicyclic heterocyclic that exhibits the
fused configuration of benzene ring and triazole ring.[z] Its molecular formula is C¢HsN5. In
the compound benzotriazole, there is a bicyclic structure of a six-membered aromatic ring
that is benzene ring fused with triazole ring.™? This has accordingly made it acquire some
unique electronic properties for enhancing its stability as well as the reactivity of this
compound.®! Benzotriazole has molecular weight of 119.12 g/mol and has a melting point
ranging from 98.5°C to 100°C with a density of about 1.36 g/cm3.™! This compound is
slightly soluble in water, measured as around 2 g per 100 ml, and very soluble in organic
solvents.”! The UV absorbance of benzotriazole at a wavelength of about 286 nm, making it
an excellent UV stabilizer for plastics and coatings.>® Its ability to make complexes with
metal ions enhances effectiveness as an inhibitor to corrosion, making it even more important

in many industrial applications.["®]

Benzotriazole has been synthesized in late 1960s; thus, research has focused immensely on
their pharmacological potency and its clinical use.”” Throughout past decades, significant
number of benzotriazole derivatives have been designed and screened for wide-range of
biological activities such as antibacterial, antihypertensive, and analgesic activity.! On the
bases of this broad scope of the biological activity has positioned the benzotriazole derivative
as lead for further drugs.™ Some of these derivatives are found to have strong antimicrobial
activities against the resistant strains of bacteria, including MRSA, while others are reported
to be active against several lines of tumor cells as anticancer agents.[*! More study of these
derivatives is leading to newer pharmacological properties that can be used in search of

useful therapeutic agents capable of treating several different diseases.!*!

Benzotriazole derivatives are reported to have broad-ranging biological activities that might
promise some applications in pharmacy. Indeed, from the literature, there is antibacterial
activity against not only Gram-positive but also Gram-negative bacteria, also some
derivatives show activity against MRSA, a pathogen known for very challenging treatment
due to its resistance to antibiotics.*>**! In addition, it has also been noted that these drugs
have antifungal action against some pathogens such as Candida species and Aspergillus
species, thereby making them indispensable in clinical cases where opportunistic infections
are common.™®! Apart from the antimicrobial effects, benzotriazoles also exhibit anti-

inflammatory action, where they inhibit critical inflammatory mediators involved in chronic

www.wiprnet | Vol 14, Issue 11,2025. |  1SO 9001: 2015 Certified Journal | 299



Pratik et al. World Journal of Pharmaceutical Research

inflammation and hence can be used in managing diseases like rheumatoid arthritis.
Besides, they also contribute positively to cardiovascular health due to promotion of
vasodilation and reduction in blood pressure levels.™*®!

Benzotriazole derivatives are important in drug discovery process due to pharmacological
activities and structural flexibility. Scientists have been investigating new approaches toward
the therapeutic management of complex diseases such as cancer, and benzotriazoles are
promising templates for developing drugs with better efficacy and safety profiles.l'”) Because
benzotriazoles can serve as bioisosteres of all functional groups commonly encountered in
pharmaceutical agents, medicinal chemists can modulate already developed lead compounds
by replacing the less favorable groups with a benzotriazole while keeping or enhancing
biological activity.!®!

This review shall be a completely integrated summary, combining systematically the
synthesis, biological activities, and medicinal use of benzotriazole derivatives, with recent
advances made in the field, and seeks to merge contemporary knowledge pertaining to the
pharmacological effects of this class of compounds across various disease models via
focusing on the analysis of structural changes directed toward enhancing therapeutic effects.
The third crucial objective is to look into SAR in respect of benzotriazole derivatives to
understand the kind of structural changes would affect the biological activity. This will, in
turn allow scientists to develop better drugs that possess higher pharmacokinetic profiles. The
review seeks to give insight to the significance of benzotriazole holds in medicinal chemistry

and will encourage further research into therapeutic applications.

STRUCTURE-ACTIVITY RELATIONSHIP (SAR) OF BENZOTRIAZOLE

The SAR is one of the most crucial principles in medicinal chemistry, considering that it
deals with how the chemical structure is related to biological activity.'¥ Knowing SAR
allows researchers to design better pharmaceuticals through changes in molecular structure,
which can make the good properties better and adverse effects worse.[*

Biological efficiency according to chemical composition

The benzotriazole derivatives have very wide ranges of biological activities highly
susceptible to the chemical structure. Even the minute variation in the substituents of the
benzotriazole nucleus can result in major activity differences between the compounds for

different biological targets.
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1. Substituent Effects

Electron-Withdrawing Groups (EWGs): The presence of EWGs, as evidenced by
trifluoromethyl groups at specific positions, such as C-2, was found to greatly increase
antibacterial activity. For example, trifluoromethyl-substituted analogues were found to
possess antibacterial activities comparable to that of established drugs, such as

nitrofurantoin.[?%%!

Electron-Donating Groups (EDGs): On the other hand, EDGs can also influence the
solubility and bioavailability.?> The biological fluids' solubility increases with the alkyl or

alkoxy-substituted compounds and thus enhances their pharmacokinetic profiles.[*!

Aromatic Systems: The incorporation of additional aromatic rings or heterocycles into the
benzotriazole framework can lead to enhanced interactions with target proteins, both through
n-nt stacking and hydrophobic interactions. This structural modification has been exploited in
the synthesis of highly potent anticancer agents.

2. Simple Changes

Such modification of the benzotriazole core might produce derivative compounds with

superior biological activities:

e Fused Ring Systems: Some documented studies can demonstrate attaching benzotriazole
onto alternative heterocyclic structures significantly alters the mechanism but enhances
the efficacy with specific pathogens.?*!

e Alkylation and Acylation: The introduction of alkyl or acyl groups at various positions on
the benzotriazole ring can fine-tune the biological activity by affecting lipophilicity and

steric hindrance.?®

3. Methods of computation in SAR research
Advances in computational chemistry have now allowed for the study of SAR through

predictive tools that indicate how structural changes will affect biological activity:

www.wiprnet | Vol 14, Issue 11,2025. |  1SO 9001: 2015 Certified Journal | 292



Pratik et al. World Journal of Pharmaceutical Research

Molecular Docking: This tool provides insights into how different benzotriazole derivatives
interact with target proteins at an atomic level and what binding affinity and mode of action

could be involved.?”

QSAR models describe the quantitative correlation between chemical structures and

biological activities that will enable the identification of important structural characteristics

responsible for the desired effects.*"!

SYNTHESIS OF BENZOTRIAZOLE

1. Cyclo-Condensation Reactions

a. Some of the major importance in benzotriazole synthesis relates to its synthesis with the
employment of o-phenylenediamines and sodium nitrite.?®) 1t commonly proceeds
starting with diazotization of o-phenylenediamine; under acidic medium, one of the
amines is changed over into a diazonium salt with the employment of sodium nitrite.
Normally conducted at temperatures around 5-10 °C. The aim of this method was to
suppress side reactions. Following diazotization, heating of the reaction mixture serves to
facilitate cyclization into benzotriazole. In most of the syntheses involving diazotization
as a step, substitution of variables concerning reaction, especially temperature, affects not

only yields but purity too.!”!

NH
2 _0O N
N Glacial acetic acid AN
+ N
0 /
NH, ~ NH

O-Phenyldiamine sodium nitrite 1H-benzotriazole

Fig. 1: Cyclo-condensation synthesis of Benzotriazole.

b. The synthesis of benzotriazole using  N-Phenyl-2-[(triphenyl-lambda’5-
phosphanylidene)amino]aniline involves a multi-step reaction process. Initially, the N-
phenyl compound and sodium nitrite reacted in presence of acid to form a diazonium
salt.” This salt then undergoes cyclization under controlled conditions, typically
involving heating and pressure, which facilitates the formation of benzotriazole. The
reaction conditions are critical, as they influence the yield and purity of the final
product.”® Following the cyclization, the mixture is cooled, and the pH is adjusted to

separate the desired benzotriazole from by-products.
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Fig. 2: Cyclo-condensation using N-Phenyl-2-[(triphenyl-lambda”5-

phosphanylidene)amino]aniline.

2. [3 + 2] cycloaddition reaction with azides

The synthesis of benzotriazole using 2-(trimethylsilyl)phenyl triflate involves a [3 + 2]
cycloaddition reaction with azides.B®% Initially, 2-(trimethylsilyl)pheny! triflate is reacted with
azides in the presence of cesium fluoride (CsF), typically in acetonitrile (MeCN) at elevated
temperatures.®™ The reaction conditions are optimized for yield, with reports indicating
yields of around 60% to 76% depending on the specific azide and experimental setup used.
The process effectively generates benzyne intermediates, which then react with azides to
form benzotriazoles.®” This method is noted for its efficiency and compatibility with various
functional groups, making it a valuable route in synthetic organic chemistry for producing

substituted benzotriazoles.

H.C
3 \S./CHs
i
XN\ N
R I CH3 N —Rl 2eq. CsF | N \\
I = + MeCN R | /N
o} rt 1824 hrs. N
_l \s
O0=S=0 R

-l
F
2-(Trimethylsilyl)phenyl Triflate

Fig. 3. [3 + 2] cycloaddition reaction with azides.

3. Diazotization Reaction

Benzotriazole can be synthesized using 1,3-diphenyl-3-methyltriazene through a
diazotization reaction.*®! The process begins with the preparation of 1,3-diphenyl-3-
methyltriazene, which is then treated with nitrous acid generated from sodium nitrite and an
acid, leading to the formation of a diazonium salt.*¥ This diazonium salt undergoes
cyclization, typically facilitated by heating or under acidic conditions, resulting in the

formation of benzotriazole.*®
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Fig. 4: Benzotriazole through a diazotization reaction.

BIOLOGICALACTIVITIES OF BENZOTRIAZOLE

Benzotriazole derivatives have been very well researched concerning their multifaceted

biological activities and have gained an important position in a variety of therapeutic

conditions.’”® The importance of benzotriazole in medicinal chemistry is evident through its

flexibility in the pharmaceutical design process because it has allowed the creation of new

drugs for most diseases and disorders. In fact, the already done research continues to study

and enhance the biomedical applications of benzotriazole derivatives.=®

Table 1: Benzotriazole Derivatives having various activities.
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A) Antimicrobial Activities

Benzotriazole derivatives exhibit significant antimicrobial activities, making them valuable in
combating various pathogens.®” These compounds have been shown to possess antimicrobial
properties, which are critical in development of new therapeutic agents.®"

1. Antibacterial Activity

Researchers studied the antibacterial activity of benzotriazole analogues, revealing their
effectiveness against range of bacterial strains, like Escherichia coli.®? Staphylococcus
aureus, and Pseudomonas aeruginosa.® Structural modifications, such as the introduction of
electron-withdrawing groups, enhance their antibacterial potency. For instance, triazolo[4,5-
f]-quinolinone carboxylic acids containing benzotriazole moiety have given notable
antibacterial action.®**? Synthesis of 5-halogenomethylsulfonyl-benzotriazoles has been
reported, which exhibited excellent antibacterial activity, including MRSA.®! The MIC
values of these compounds were in a comparable range to that of known antibiotics, such as
nitrofurantoin. Another series of oxazolidinone derivatives bearing benzotriazoles was found

to be active against resistant strains, with MIC values of down to 0.25-0.125 pg/mL.5®
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2. Protozoan Inhibitor

N-benzenesulfonylbenzotriazoles were examined for their promising anti-trypanosomal
activity against Trypanosoma cruzi with dose-dependent inhibitory effects on epimastigote
forms.*”! They are of interest for the treatment of Chagas disease.

3. Antiviral Activity

Benzotriazole derivatives have been used as antiviral compounds against the viral protease
necessary for the replication process of viruses. Some compounds were established selective
against coxsackievirus B5 (CVB5) with their range, EC50 in the magnitude of 6-52 pM.5®!
Unsubstituted benzotriazoles have been described to be selective for the replicase and have
an EC50 3 uM for BVDV.P®*! For example, bis-benzotriazole-dicarboxamide derivatives
have been shown to inhibit poliovirus helicase, demonstrating their potential as antiviral
agents against picornaviruses.®”

A. Anticancer Properties

Benzotriazole Derivatives Fused with Quinolone Skeletons Have Improved Anticancer
Activities due to Enhanced Interaction with Tubulin and Disruption of Mitosis in Cancer
Cells.™] For instance, some compounds shown remarkable antiproliferative effects against
breast cancer (MCF-7), leukemia (HL-60), and colon cancer (HCT-116) cell lines.®¥ This
compound acts by inhibiting tubulin polymerization and promoting apoptosis through
modulation of pro-apoptotic and anti-apoptotic proteins.!®%

a) \orozole

\orozole is a triazole-derived competitive aromatase inhibitor, which is involved in
biosynthesis of estrogen. It has been investigated clinically as an antineoplastic agent in
postmenopausal women with advanced breast cancer.®® Clinical studies concluded that
vorozole markedly lowered plasma estradiol levels by about 90% and produced objective
responses in as many as 35% of the patients treated. In phase Il studies, clinical efficacy was
favorable to aminoglutethimide and megestrol acetate but improved the quality of life than
did that of aminoglutethimide.®® However, being withdrawn from further testing due to lack
of significant difference in median survival versus other treatments, vorozole typifies the

potential in oncology of benzotriazole derivatives.®
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Fig. 5. Structure of Vorozole.

B. Anti-inflammatory and Analgesic Effects

Research indicates that certain benzotriazole compounds can reduce inflammation by

inhibiting pro-inflammatory cytokines and enzymes responsible for inflammation. !

Structural modifications that improved receptor selectivity for anti-inflammatory agents those

can depress pro-inflammatory cytokine synthesis with minimal side effects.®”

Mechanisms Involved in Anti-inflammatory Action

The mechanisms through which benzotriazole derivatives exert anti-inflammatory effects

include:

e Inhibition of Cytokine Production: These compounds can suppress production of pro-
inflammatory cytokines like TNF-alpha and 1L-6.1°%!

e Blocking Enzyme Activity: Benzotriazole derivatives may inhibit cyclooxygenase (COX)
enzymes that are pivotal in the inflammatory response.®!

e Modulation of Immune Response: By affecting immune cell signaling pathways, these

compounds can help modulate the body's inflammatory response.[®

PHARMACODYNAMICS: DRUG INTERACTION WITH BIOLOGICAL TARGETS

Pharmacodynamics is the study of the effects that drugs exert on biological systems, with
particular emphasis on mechanisms of action and interactions with biological targets,
including enzymes and receptors. In this regard, benzotriazole derivatives have emerged as
significant compounds, manifesting a wide range of pharmacological activities resulting from

their ability to interact with multiple biological targets.

A. Interaction with Enzymes

Benzotriazole derivatives are generally known as enzyme inhibitors, which is an important
role in their pharmacological activity. Some benzotriazoles have been found to be inhibitors
of CYP51, an enzyme in sterol biosynthesis of fungi.l’” This inhibition is due to impact on

the development of antifungal drugs because they affect integrity of fungal cell membrane
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and growth capabilities. Molecular docking studies have demonstrated that these compounds
[71]

can bind to active site of CYP51, showing a substantial decline in fungal viability.
Moreover, some benzotriazole derivatives are mechanism-based inactivators of certain
enzymes. They were employed for inhibition of SARS-CoV-1 3CL protease which is
important for replication enzymes of the severe acute respiratory syndrome (SARS) virus.["?
With an irreversible covalent complex formation at the active site of such a protease,
benzotriazole derivatives are able to strongly inhibit the replication of viruses and may find

further applications in developing new antiviral drugs.[’”

B. Interaction with Receptors

In addition to the interaction with enzymes, benzotriazole derivatives interact with various
receptors in biological systems. Such interactions can either stimulate or inhibit the activity of
the receptors, thus creating a medicinal effect.’® For example, some benzotriazole
compounds have been reported as agonists or antagonists at particular receptors in pain and
inflammation pathways.™!

More importantly, it has been shown that benzotriazole derivatives can modulate ion
channels. Specifically, such compounds can affect voltage-gated sodium channels.[”™ They
may influence neuronal excitability and therefore could potentially offer new therapeutic
benefits in diseases like epilepsy or neuropathic pain.[’®

Mechanism of action

The mechanisms through which benzotriazole derivatives exert their pharmacological activity

are numerous and complex. These mechanisms may include

e Competitive inhibition: It occurs when other compounds compete with natural substrates
that combine to the active site of enzymes.t’”]

e Allosteric Modulation: In some of the derivatives, it is bound to other sites than the active
site of enzymes or receptors leading through conformational changes to activation or
inhibition.[”®!

e Covalent Bonding: A few benzotriazole derivatives form covalent bonds with target

enzymes, thus causing irreversible inhibition.["
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LIMITATIONS IN EXISTING RESEARCH

1. Toxicity Problems

Even though benzotriazole derivatives show potential pharmacological properties, their
toxicity is still a critical concern. Several reports point out that certain benzotriazole analogs
could be toxic to aquatic organisms and hence create a concern related to environmental
safety.™ Humans will experience skin sensitization and several other adverse effects on
chronic exposure to these compounds. The potential for toxicity necessitates thorough
evaluation during the drug development process, as it can significantly impact the viability of
compounds in clinical settings.®® Furthermore, the toxicological profiles of many
benzotriazole derivatives remain underexplored, leading to a gap in knowledge that could

hinder their therapeutic application.®

2. Bioavailability Challenges

The main critical limitation is the bioavailability of benzotriazole derivatives. Many
compounds exhibit poor solubility and permeability, which can limit their absorption and
effectiveness when administered.””! The physicochemical properties of benzotriazoles often
pose a challenge in formulation, which requires innovative approaches to enhance solubility
and stability.!) Some strategies include prodrug design, nanoparticle formulation, or the use
of solubilizing agents to enhance bioavailability and ensure therapeutic efficacy.

3. Development of Resistance

Developing resistances is an increasing phenomenon to be concerned with in this topic of
antimicrobial and antiviral therapies using benzotriazole derivatives.™® As with a lot of
pharmacological products, prolonged use leads the bacteria or viruses to strain and become
resistant, affecting previously effective treatments.***” Understanding all those mechanisms
that cause resistance help developers create new derivatives that don't have such problems.
New approaches to combination therapies or novel delivery systems may offer pathways

toward maintaining efficacy against resistant pathogens.®

FUTURE RESEARCH PROSPECTIVE

1. New Synthetic Approaches

Given the constraints linked to the benzotriazole derivatives currently in existence, there is a
critical demand for new synthetic methods that will provide compounds with superior
pharmacological profiles.®¥ New developments in synthetic methods have made it possible

to generate various benzotriazole derivatives with specific properties. One such development
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is copper-free ‘click’ chemistry, which is very useful for synthesis of substituted
benzotriazoles under mild conditions, and this method provides an easy way to construct
complex structures with minimal byproducts.®*!

The role of principles of green chemistry in synthesis of benzotriazole derivatives may
further sustainability and minimize impact on the environment./”d Some examples of such
methodologies are solvent-free reactions and microwave-assisted synthesis, which could

increase the yield and decrease waste at the production level.!*"!

2. Potential Therapeutic Applications

The versatility of benzotriazole derivatives promises many more potential therapeutic
applications that are not yet being explored. For example, ongoing research into the role of
benzotriazole derivatives as inhibitors of specific enzymes involved in cancer metabolism
may lead to novel anticancer agents.’®™"! Similarly, investigating their activity against
emerging viral pathogens could make benzotriazole derivatives an essential component in
antiviral therapy.®®

Furthermore, their application towards the treatment of neurodegenerative diseases is very
exciting research direction.® Specific benzotriazole derivatives have been found to be
involved in the modulation of neuroinflammatory pathways and protection of neurons from
oxidative stress, thus these compounds may be useful for treatment of Alzheimer's and

Parkinson's disease. !

3. Exploration of New Analogues with Enhanced Efficacy

Analogues with high efficiency must be explored in order to overcome current limitations
related to existing benzotriazole compounds. SAR studies would guide the design of novel
derivatives through strategies identified on key structural features of SARs, which contribute
to improved biological activity while minimizing toxicity.*”

Research efforts should focus on synthesizing and evaluating a diverse library of
benzotriazole derivatives with various substituents and modifications. This approach may
uncover compounds with potent activity against resistant strains or those exhibiting favorable
pharmacokinetic profiles.®” Additionally, utilizing high-throughput screening techniques can

accelerate the identification of promising candidates for further development.®®
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CONCLUSION

Review interprets the multifaceted role of benzotriazole derivatives in medicinal chemistry,
highlighting their diverse biological activities and therapeutic potential. The structural
versatility of benzotriazoles allows for the design of novel compounds exhibiting significant
antimicrobial, anti-inflammatory, and anticancer properties. Notably, certain derivatives
demonstrate remarkable efficacy against resistant pathogens such as MRSA and various
cancer cell lines, positioning them as promising candidates for drug development. Despite
their potential, challenges related to toxicity and bioavailability must be addressed to
facilitate clinical application. The integration of advanced synthetic methodologies has led to
improved efficacy and safety profiles for these compounds. Future research should focus on
elucidating structure-activity relationships (SAR) to optimize therapeutic outcomes.
Ultimately, this review underscores the importance of benzotriazole in drug design and

encourages further exploration of its therapeutic applications across various disease models.
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