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A B S T R A C T : 

Benzimidazole, a bicyclic heteroaromatic system formed by fusing benzene and imidazole rings, is a privileged scaffold in medicinal chemistry and is present in 

several marketed drugs. This review summarises recent developments in benzimidazole synthesis, covering classical condensation, catalytic, green, and 

multicomponent approaches, and reviews biological evaluation across antimicrobial, antifungal, anticancer, anthelmintic, antiulcer, antihypertensive, antiviral, and 

anti-inflammatory activities. Mechanisms and structure–activity relationships (SAR) at the C-2, N-1, and C-5/C-6 positions are emphasised. Antimicrobial and 

antifungal activity is considered in relation to growing resistance, and anticancer activity in relation to tubulin, PARP, and DNA-binding mechanisms. Current 

limitations include variability between assays, incomplete pharmacokinetic and target-validation data, and few direct comparisons between closely related series. 

A stepwise evaluation strategy is proposed to move promising derivatives from in silico design to biochemical, cellular, and preliminary pharmacokinetic studies. 
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1. Introduction: Disease Burden and the Need for New Scaffolds 

Infectious diseases remain a major cause of illness and death worldwide, and cancer, cardiovascular disease, and gastrointestinal disorders contribute 

substantially to the global disease burden [1,2]. Infection is best understood as a host–microbe interaction with outcomes ranging from commensalism 

and colonisation to disease [3]. Antifungal drug resistance has long been recognised as a clinical problem [4], which makes the search for new chemical 

scaffolds an ongoing need. 

Benzimidazole is a bicyclic heteroaromatic system formed by fusing benzene with imidazole. Several benzimidazole-containing drugs are in clinical use, 

including the anthelmintics albendazole and mebendazole, the proton pump inhibitor omeprazole, the angiotensin II receptor antagonists candesartan and 

telmisartan, and the PARP inhibitor veliparib (ABT-888) [5,6,7]. This breadth of clinical application is one reason the scaffold has attracted sustained 

research interest. 

Benzimidazole has been described as a privileged structure, a framework able to provide useful ligands for more than one biological target [8]. Its 

usefulness reflects both its physicochemical properties and the ease with which positions 1, 2, 5, and 6 can be substituted to tune activity [6,9]. 

This review concentrates on synthetic methods and biological evaluation from recent years, with emphasis on green and catalytic approaches, mechanism-

based evaluation, and structure–activity relationships.  

2. Structural Basis of the Benzimidazole Scaffold 

2.1 Hydrogen bonding and aromatic interactions 

The benzimidazole ring contains an N–H group that can act as a hydrogen-bond donor and an sp²-hybridised nitrogen that can act as an acceptor. The 

fused aromatic system supports π–π stacking. Crystallographic work on Hoechst 33258, a bis-benzimidazole, showed that the benzimidazole N–H groups 

form bridging hydrogen bonds with adenine and thymine atoms at the edges of base pairs in the minor groove of DNA [10]. This illustrates how these 

features can support molecular recognition. 

2.2 Purine mimicry 

Because the bicyclic core resembles purine, benzimidazole derivatives can mimic nucleotide-binding motifs in enzymes and receptors [5]. This similarity 

is one of the main reasons the scaffold has been explored against kinases, polymerases, and other nucleotide-processing targets. 

http://www.ijrpr.com/
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2.3 Tautomerism and substitution 

In unsubstituted benzimidazoles the N–H proton is mobile, so the two ring nitrogens are tautomerically equivalent. Substitution at N-1 fixes the tautomer, 

and the choice of substituent therefore changes both the hydrogen-bonding pattern and the electron distribution of the ring. SAR interpretation should 

consider which tautomer or substitution pattern is present in the target environment [9]. 

3. Synthetic Strategies 

3.1 Classical condensation 

The Phillips condensation, in which an o-phenylenediamine reacts with a carboxylic acid under strong acid, remains the standard route to 2-substituted 

benzimidazoles [11]. Harsh conditions, long reaction times, and poor compatibility with acid-sensitive groups limit its use. Reviews of synthetic 

approaches starting from o-phenylenediamine summarise these routes and their alternatives [12]. Table 1 compares the principal strategies. 

3.2 Catalytic approaches 

Catalysts that avoid stoichiometric strong acids have been developed to make the core formation milder and more selective. As one example, Bahrami 

and co-workers reported a mild and efficient method for 2-arylbenzimidazoles [13]. Catalytic routes are attractive because they can reduce waste and 

simplify purification, although catalyst cost and removal must be considered for scale-up. 

3.3 Green and sustainable methods 

Microwave-assisted synthesis can shorten reaction times substantially compared with conventional heating [14]. Mechanochemistry, in which reactions 

are driven by grinding or milling with little or no solvent, offers a cleaner alternative [15]. Deep eutectic solvents, mixtures of hydrogen-bond donors and 

acceptors with low melting points, are considered greener reaction media [16]. The greatest benefit of these methods is reduced solvent and energy use, 

and their suitability for each benzimidazole route should be assessed individually. 

3.4 Multicomponent reactions 

Multicomponent reactions combine three or more starting materials in one pot, with most of their atoms incorporated into the product. Rational design 

strategies for such reactions are reviewed by Ruijter and co-workers [17], and isocyanide-based variants by Dömling and Ugi [18]. Broader reviews of 

imidazole and benzimidazole drug development place such approaches in the context of lead discovery [19]. 

Table 1. Comparison of principal synthetic strategies for benzimidazole derivatives. 

Strategy Typical conditions Advantages Limitations 

Phillips condensation Strong acid, reflux Simple, scalable, inexpensive Harsh, poor functional-group 

tolerance 

Aldehyde oxidative 

cyclization 

Mild heat, oxidant Broader scope Regioselectivity issues with N-

substitution 

Lewis/heterogeneous acid 

catalysis 

Mild, often RT–80 °C Better selectivity, catalyst reuse Catalyst cost or preparation 

Microwave-assisted Minutes, solvent-minimized Fast, high yield Scale-up equipment needed 

Metal-catalyzed C–N 

coupling 

Pd or Cu, base, heat Access to hindered patterns Metal residues, cost 

Multicomponent One-pot, varied Library generation Mechanistic complexity 

4. Biological Evaluation: Therapeutic Areas and Chemotypes 

The activities below are grouped by therapeutic area. Reported potency values come from different assays and should not be compared directly across 

papers. Table 2 summarises representative examples. 

4.1 Antimicrobial activity 

Benzimidazoles have been investigated extensively as antibacterial agents, and the scaffold has been reviewed for its antimicrobial potential [20]. A 

recent review covering 2018 to 2024 analyses the SAR of antimicrobial benzimidazoles [21]. Docking studies have been used alongside synthesis to 

rationalise antibacterial activity, although docking scores alone do not establish activity [22]. Susceptibility testing should follow the standardised dilution 
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methods of CLSI, since minimum inhibitory concentrations are only comparable between studies when the same method is used [23]. 

Related bicyclic azoles illustrate a validated antibacterial target. Indazole derivatives have been identified as bacterial DNA gyrase B inhibitors [24], 

which suggests that gyrase B is a target class that benzimidazole derivatives could also be designed against. This remains a hypothesis to be tested 

experimentally. Schiff base derivatives, which contain an imine (>C=N–) group, have also been reviewed for broad antimicrobial activity [25]. 

Efflux limits intracellular accumulation of many compounds. Homology models of the human efflux transporter P-glycoprotein are used to study how 

ligands bind to it [26], and this type of analysis can help flag compounds likely to be effluxed, although these models describe the human transporter 

rather than bacterial efflux systems. 

4.2 Antifungal activity 

Antifungal resistance is an established clinical problem, driven by mechanisms including efflux, target alteration, and changes in the biosynthetic pathway 

[4]. Benzimidazole derivatives have been synthesised and evaluated as antifungal agents, and bis-benzimidazoles have shown MIC values in the low 

µg/mL range against several fungal strains [27]. 

Ergosterol is the major sterol of fungal membranes and a principal target of current antifungal drugs, and resistance to these agents has been linked to 

changes in ergosterol biosynthesis [28]. Lanosterol 14α-demethylase is a key enzyme in this pathway, and crystal structures of this enzyme from Candida 

albicans and Candida glabrata provide structural tools for antifungal design [29]. Benzimidazole antifungals can be designed with reference to this 

pathway, but target engagement must be confirmed experimentally. 

4.3 Anticancer activity 

Nocodazole, a benzimidazole carbamate, suppresses microtubule dynamic instability at nanomolar concentrations, and this reduction in dynamics is 

associated with mitotic arrest [30]. Tubulin-targeting benzimidazoles therefore represent one established anticancer mechanism. 

Veliparib (ABT-888) was discovered as a PARP inhibitor based on a 2-substituted benzimidazole-4-carboxamide framework [7]. PARP inhibitors exploit 

synthetic lethality in tumours with defects in homologous recombination repair, such as those carrying BRCA mutations [31,32]. A third mechanism is 

DNA binding: Hoechst 33258 binds the minor groove of DNA, as described above [10], and bis-benzimidazoles are therefore studied as DNA-binding 

anticancer candidates. 

Across these classes, substituents at C-2 and N-1 are the main determinants of target selectivity, and polar side chains are commonly introduced to 

improve solubility and pharmacokinetic behaviour [6]. 

4.4 Anthelmintic activity 

Benzimidazole carbamates are established anthelmintics that act by inhibiting microtubule assembly in parasites [33]. Their clinical success is well 

documented, and the mechanism provides a reference point for designing new derivatives. The structural features that determine parasite selectivity over 

mammalian tubulin are a key question for optimisation. 

Table 2. Representative benzimidazole derivatives and reported activities discussed in Section 4. 

Activity Representative compounds Mechanism or reported activity 

Antimicrobial Benzimidazoles with lipophilic electron-

withdrawing substituents 

SAR reviewed for antibacterial activity [20,21] 

Antifungal Alkylated bis-benzimidazoles MIC values of 0.975 to 15.6 µg/mL against fungal strains 

reported [27] 

Anthelmintic Albendazole, mebendazole, benzimidazole 

carbamates 

Inhibition of microtubule assembly in parasites [33] 

Anticancer (tubulin) Nocodazole Suppression of microtubule dynamic instability at 

nanomolar concentrations [30] 

Anticancer (PARP) Veliparib (ABT-888) PARP inhibition; synthetic lethality in BRCA-deficient 

tumours [7,31] 

5. Structure–Activity Relationships: A Synthesis 

Across therapeutic areas, several SAR principles recur: 

1. C-2 substitution is the primary handle for potency and target selection. Aryl, heteroaryl, and carboxamide groups are common [9,6]. 

2. N-1 substitution controls lipophilicity and can influence how quickly a compound is metabolised. Benzyl and aryl groups are frequent [21]. 

3. C-5/C-6 substitution influences electronics and membrane permeability. Lipophilic electron-withdrawing groups are reported to enhance 

antimicrobial activity in several series [21,20]. 

4. Tautomerism of the N–H group affects binding, so SAR interpretation should account for the tautomer or substitution pattern present in the 

target environment. 
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These principles are most thoroughly established for anticancer and antimicrobial activity. For newer targets the SAR is less mature and often rests on a 

few analogues. Docking can help rationalise these trends, but it should be validated experimentally [38]. 

6. Challenges and Limitations 

6.1 Assay variability and mechanism 

Many reported compounds are evaluated only in cell-based assays without target validation, which makes it difficult to separate a specific mechanism 

from nonspecific cytotoxicity. Cytotoxicity is commonly measured by protein-staining assays [39] or tetrazolium reduction assays [40], and these readouts 

respond to different cellular properties. Using more than one readout, and reporting the assay used clearly, makes comparison between studies more 

reliable. 

6.2 Physicochemical properties and permeability 

Highly planar aromatic derivatives can have limited aqueous solubility and oral bioavailability. Solubility and permeability should be assessed alongside 

potency, using experimental and computational approaches [41]. 

6.3 Covalent and fragment-based design 

Covalent inhibition, as used by proton pump inhibitors, has regained acceptance in drug discovery [42]. Fragment-based approaches have also contributed 

to a number of clinical candidates [43]. Both strategies require careful assessment of selectivity and off-target reactivity before a compound can be 

advanced. 

6.4 Resistance 

Resistance remains a central problem in antimicrobial and antifungal therapy [4,28]. Compounds that are potent against susceptible strains may lose 

activity against resistant isolates, so resistant strains should be included in evaluation where possible. 

7. Proposed Synthetic and Pharmacological Evaluation Strategy 

7.1 Design and synthesis 

A rational design strategy starts from a 2-substituted or N-substituted benzimidazole core and varies substituents at C-2, N-1, and C-5/C-6. Synthesis can 

use condensation under catalytic or microwave conditions [13,14], and green solvents or mechanochemical routes can be considered where they are 

compatible with the chemistry [15,16]. After synthesis, identity and purity should be confirmed by infrared spectroscopy, proton and carbon-13 NMR, 

and mass spectrometry. 

7.2 Stepwise pharmacological evaluation 

A stepwise framework is proposed to identify compounds with a balanced activity profile, acceptable cellular tolerability, and suitable physicochemical 

properties (Table 3). Early computational screening focuses experimental effort, but computational predictions must be followed by biological testing 

[38]. Antimicrobial and antifungal activity should be measured by standardised dilution methods [23], cytotoxicity by a validated cell-viability assay 

[39,40], and mechanism by target-specific assays where a target is proposed. 

Compounds should be prioritised on the balance of their activity profile rather than potency against a single target, and drug-likeness should be assessed 

alongside activity [41]. A systematic progression from computational evaluation to biochemical, cellular, and, where appropriate, in vivo studies gives 

the strongest basis for establishing therapeutic potential. 

Table 3. Proposed stepwise evaluation of benzimidazole derivatives. 

Stage Methods Purpose or readout 

1. In silico Molecular docking against proposed targets; 

ADME and drug-likeness prediction 

Plausible binding modes and prioritisation of compounds 

[38,41] 

2. Antimicrobial and antifungal Broth microdilution for MIC against 

susceptible and resistant strains 

Activity and spectrum; comparability with other studies 

[23,4] 

3. Cytotoxicity SRB or MTT assay in mammalian cell lines Selectivity of microbial or cancer-cell activity relative to 

normal cells [39,40] 

4. Target assays Tubulin polymerisation (anticancer); PARP 

inhibition; DNA-binding; H⁺/K⁺-ATPase 

inhibition (as relevant to the proposed target) 

Mechanism beyond phenotypic activity 
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Stage Methods Purpose or readout 

5. Physicochemical and 

preliminary pharmacokinetics 

Solubility, permeability, and metabolic 

stability 

Drug-likeness and decision to progress [41] 

6. In vivo Efficacy and safety in appropriate models Only for compounds with consistent activity and an 

acceptable profile 

8. Conclusions and Future Perspectives 

• The benzimidazole scaffold combines hydrogen-bonding capacity, aromaticity, and synthetic accessibility, and is present in several marketed 

drugs. 

• Synthesis has moved from harsh acid condensations toward catalytic, microwave-assisted, mechanochemical, and multicomponent methods 

that generate diverse derivatives more efficiently. 

• The strongest evidence concerns anticancer (tubulin and PARP), antimicrobial and antifungal, anthelmintic, and proton pump inhibitor 

activities. Antiviral and anti-inflammatory findings are more preliminary. 

• Future work should use standardised assays, validate targets and mechanisms, assess solubility and permeability, and report SAR across 

closely related series to enable direct comparison. 
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