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Abstract: Naturally and synthetically derived hybrid molecules are promising sources for new 

drug development due to their multiple modes of action and their ability to bypass systemic 

toxicities associated with traditional combination therapies. The rapid escalation of 

multifactorial diseases such as cancer, neurodegenerative disorders, and multidrug-resistant 

infections has exposed the limitations of traditional polypharmacy. To overcome these 

challenges, molecular hybridization has emerged as a cutting-edge paradigm in rational drug 

design, allowing the scientific community to report dozens of highly potent hybrids. This 

strategy involves the fusion of two or more distinct pharmacophores into a single multi-target 

directed ligand. Due to its unique 𝛼, 𝛽-unsaturated ketone framework, high conformational 

flexibility, and ease of synthesis, the chalcone scaffold represents a highly privileged template 

for building a hybrid scaffold as a bioactive agent. This review comprehensively explores the 

chemical architecture, synthetic methodologies (including green ionic liquid protocols), and 

profound biological potential of chalcone derivatives. We critically analyze the 

pharmacodynamic efficacy of various chalcone conjugates, including fluoroquinolone mutual 

prodrugs for antimicrobial resistance, benzimidazole and 𝛼-bromoacryloylamido hybrids for 

terminal cell cycle arrest in oncology, and sulfonamide chalcones as non-competitive 𝛼-

glucosidase inhibitors for metabolic syndrome. Finally, we discuss the structure-activity 

relationship (SAR) profiles and the translational challenges of utilizing chalcone hybrids, 

highlighting the future integration of nanotechnology and artificial intelligence in overcoming 

pharmacokinetic barriers. 

Keywords: Chalcone derivatives; Molecular hybridization; multi-target directed ligands; 

Claisen-Schmidt condensation; Drug design; Multifactorial diseases. 
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1. Introduction 

The contemporary pharmaceutical landscape is increasingly challenged by the rapid 

escalation of multifactorial diseases complex clinical conditions such as metastatic carcinomas, 

neurodegenerative disorders, metabolic syndromes, and aggressive multi-drug-resistant 

microbial infections. Historically, the standard pharmacological response to such 

pathophysiological complexity has been polypharmacy, which involves the co-administration 

of multiple single-target drugs to simultaneously modulate distinct disease pathways [1-2]. 

While occasionally effective, polypharmacy frequently results in severe adverse drug-drug 

interactions, unpredictable pharmacokinetic interference, compounded toxicities, and poor 

patient compliance [3]. To circumvent these systemic limitations, the strategic paradigm of 

molecular hybridization has emerged as an unprecedented and highly effective tool in rational 

drug design. This approach relies on the fusion of two or more distinct pharmacophoric 

moieties into a single, covalently linked molecular entity, thereby generating a multi-target 

directed ligand capable of modulating several distinct biological targets concurrently [1]. 

At the absolute forefront of this hybridization strategy is the chalcone scaffold. 

Chemically defined as 1,3-diaryl-2-propen-1-ones, chalcones constitute a privileged class of 

open-chain flavonoids that are widely distributed in the plant kingdom, serving as fundamental 

precursors in the biosynthesis of flavonoids and isoflavonoids[4]. They are naturally occurring 

components in various medicinal plants and represent the basic backbone for numerous 
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polyphenols, alkaloids, tocopherols, and anthocyanins [4]. The structural architecture of a 

chalcone features two aromatic rings (designated as Ring A and Ring B) interconnected by an 

α, β-unsaturated carbonyl system, which serves as a highly reactive three-carbon enone 

bridge[4]. 

This specific configuration imparts a high degree of conformational flexibility, 

allowing the molecule to adapt to various enzymatic active sites and receptor binding pockets. 

More critically, the α, β -unsaturated ketone acts as a powerful Michael acceptor. The molecule 

possesses a completely delocalized π-electron system that extends across both benzene rings 

and the central enone bridge[5-7]. Molecules possessing such extended conjugation systems 

typically exhibit relatively low redox potentials, which facilitates facile electron transfer 

reactions that are critical for their profound antioxidant and radical scavenging activities [7]. 

Because the central enone core is structurally permissive, it serves as an ideal template for 

extensive synthetic modification. By integrating the chalcone backbone with other diverse, 

biologically active heterocyclic pharmacophores such as coumarins, pyrimidines, 

benzimidazoles, triazoles, and fluoroquinolones medicinal chemists can design highly 

selective, potent hybrid agents [4]. The resulting hybridized compounds frequently exhibit 

pharmacological profiles that are vastly superior to those of their parent molecules, offering 

broadened spectra of activity, the ability to bypass established multidrug resistance 

mechanisms, and the potential to significantly mitigate off-target toxicity [1]. 

2. Chemical Architecture, Stereochemistry, and Conformational Dynamics 

To fully appreciate the pharmacological versatility of chalcones, an exhaustive 

understanding of their stereochemistry and molecular orbital dynamics is required. Chalcones 

are inherently flexible molecules capable of existing in various conformations, and their 

biological properties depend heavily on suitable ring substitution patterns and the spatial 

orientation of the α, β-unsaturated ketone moiety [4]. 

The stereochemical characteristics of chalcones are defined by two primary structural 

axes. First, the hydrogen atoms attached to the vinylic double bond (Cα = Cβ) can present in 

either a cis (Z) or trans (E) configuration [4]. Thermodynamically, the trans (E) isomer is 

overwhelmingly favored due to the severe steric repulsion that occurs between the bulky 

aromatic A and B rings when forced into the cis geometry [8]. Consequently, the vast majority 

of naturally occurring and synthetically derived bioactive chalcones exist as the E-isomer. 

Second, the molecule exhibits conformational isomerism around the single bond connecting 

the carbonyl carbon to the α-carbon. Free rotation along this sigma bond allows the C = O bond 

to adopt either an s-cis or s-trans conformation with respect to the vinylic double bond [4]. 

The stabilization of these specific conformations is dictated by steric interactions 

between the substituents on the aromatic rings. Introducing specific electron-donating or 

electron-withdrawing groups can lock the chalcone into a preferred conformation, resulting in 

a therapeutically useful agent that optimally aligns with the steric constraints of a target 

enzyme's active site[4]. Furthermore, the introduction of varied substituents significantly alters 

the molecular orbital dynamics of the chalcone. Computational analyses utilizing density 

functional theory reveal that biological efficacy particularly anti-neurotoxic and antioxidant 

effects closely correlate with the energy gap between the Highest Occupied Molecular Orbital 

(HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) [9]. A narrower HOMO-

LUMO gap facilitates easier electron excitation and transfer, which is the primary mechanism 

by which chalcone derivatives quench reactive oxygen species (ROS) and inhibit cellular 

oxidative stress [9]. 
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3. Comprehensive Synthetic Methodologies and Reaction Kinetics 

The ubiquity of chalcones in drug discovery is largely driven by their synthetic 

accessibility. The fundamental, classical method for generating the chalcone backbone is the 

Claisen-Schmidt condensation, which is an aldol condensation reaction between a substituted 

acetophenone and a substituted benzaldehyde [4]. Depending on the specific electronic 

requirements of the substituents and the desired yield, this reaction can be catalyzed by a 

remarkably wide array of agents and media, proceeding through either base-catalyzed or acid-

catalyzed kinetic pathways. 

3.1 Base-Catalyzed E1cB Mechanism 

In the traditional base-catalyzed Claisen-Schmidt reaction, strong bases such as sodium 

hydroxide (NaOH), barium hydroxide (Ba(OH)2), or potassium carbonate (K2CO3) are 

dissolved in polar protic or aprotic solvents like ethanol or dimethylformamide (DMF)[4]. The 

mechanism initiates with the base abstracting an acidic α-proton from the acetophenone, 

generating a highly resonance-stabilized enolate anion [8]. Because the aldehyde lacks α-

protons (and thus cannot form an enolate), cross-condensation is directed efficiently. The 

nucleophilic enolate carbon executes an attack on the electrophilic carbonyl carbon of the 

benzaldehyde, forming a tetrahedral alkoxide intermediate. Following protonation from the 

solvent, an α,β-hydroxyketone (the aldol adduct) is formed [8]. 

This intermediate is highly transient. Because it contains an acidic α-proton situated 

between a carbonyl group and a newly formed hydroxyl group, it undergoes rapid dehydration. 

In a basic medium, this dehydration proceeds predominantly via an E1cB (Elimination 

Unimolecular conjugate Base) mechanism [8]. The base removes the α-proton to form a 

carbanion intermediate, which then expels the hydroxide leaving group, driven by the immense 

thermodynamic stability gained by forming a fully conjugated α,β-unsaturated system 

extending from the A-ring to the B-ring [8]. 

3.2 Acid-Catalyzed E1 Mechanism 

Conversely, the acid-catalyzed mechanism operates through the electrophilic activation 

of the carbonyl species [10-12]. An acid catalyst (such as hydrochloric acid or sulfuric acid) 

protonates the carbonyl oxygen of the acetophenone, significantly increasing the acidity of its 

α-hydrogens and promoting rapid tautomerization to the corresponding enol [12]. 

Simultaneously, the benzaldehyde carbonyl oxygen is protonated, drastically increasing its 

electrophilicity. The electron-rich double bond of the enol acts as a nucleophile, attacking the 

activated aldehyde to form a β-hydroxyketone intermediate after deprotonation [12]. Under 

acidic conditions, the subsequent dehydration step diverges from the basic pathway, occurring 

instead via an E1 mechanism. The secondary hydroxyl group is protonated to form an excellent 

leaving group (water), generating a carbocation that rapidly loses an adjacent proton to form 

the thermodynamically favored trans-alkene (E-isomer) [8]. 

3.3 Advancements in Green Synthetic Protocols 

While conventional condensation is effective, the modern push toward sustainable 

chemistry has revolutionized chalcone synthesis. Medicinal chemists now routinely utilize eco-

friendly, solid-supported, and solvent-free methodologies. Literature documents the successful 

synthesis of chalcones utilizing clay minerals, ultrasound irradiation, fly-ash: H2SO4 reagents, 

silica-sulphuric acid, dimethylammonium dimethylcarbamate, and potassium fluoride 

supported on nanoparticles (KF/NP) [4]. 

A particularly notable advancement is the implementation of task-specific ionic liquids 

(ILs) as dual-role solvents and catalysts [13-14]. For example, SO3H-functionalized ionic 
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liquids such as triethylammonium butylsulfonic acid hydrogen sulfate () have demonstrated 

remarkable catalytic efficiency. Reactions conducted vigorously at 120 °C under a nitrogen 

atmosphere utilizing achieved chalcone yields of up to 94% [14]. Beyond high yields, the 

primary merit of ionic liquids lies in the workup procedure. The resulting chalcone product is 

inherently immiscible with the ionic liquid phase, allowing for simple physical decantation 

rather than requiring massive volumes of volatile organic extraction solvents. Furthermore, the 

ionic liquid can be recycled and reused following heat treatment under a vacuum, perfectly 

aligning with green chemistry principles [14]. 

Standard isolation techniques for conventional liquid-phase syntheses remain 

straightforward. Upon reaction completion, the mixture is typically poured into ice-cold water. 

Because chalcones are highly lipophilic and insoluble in water, they precipitate as crude solids 

[12]. If necessary, the mixture is acidified with dilute HCl to neutralize excess base and force 

precipitation. The solid is collected via vacuum filtration, washed, and purified by 

recrystallization from hot ethanol to yield analytically pure chalcone derivatives [12]. 

Table 1. Comparison of Conventional and Green Synthetic Methodologies for Chalcone 

Synthesis [4]. 

Synthetic 

Methodology 

Catalyst / Reagent 

Employed 

Key Advantages Yield & Workup 

Characteristics 

Traditional Base-

Catalyzed 

NaOH in EtOH; K₂CO₃ 

in DMF; Ba(OH)₂ 

Readily available, 

inexpensive reagents 

Moderate–high 

yields; requires acid 

neutralization and 

extensive washing 

Solid-Supported / 

Green Acid 

Silica–sulphuric acid; 

Fly-ash:H₂SO₄ 

Minimizes solvent 

waste; avoids strong 

liquid acids 

High-purity 

products; catalyst 

removed by simple 

filtration 

Task-Specific 

Ionic Liquids 

SO₃H-functionalized 

ionic liquids (e.g., 

triethylammonium 

butylsulfonic acid 

hydrogen sulfate) 

Functions as both 

solvent and catalyst; 

recyclable and 

environmentally 

friendly 

Up to 94% yield; 

product separated 

by decantation; 

catalyst recoverable 

and reusable 

Mechanochemical 

/ Physical 

Ultrasound irradiation; 

Clay minerals 

Rapid reactions with 

efficient energy 

transfer; reduced 

thermal degradation 

Excellent yields 

with simplified 

work-up and 

improved 

selectivity 

Table 1 represents comparative overview of conventional and sustainable synthetic 

methodologies employed for the preparation of chalcone derivatives via the Claisen–Schmidt 

condensation. The table summarizes representative catalysts or reaction media, major 

advantages, and typical product isolation characteristics, highlighting the progressive shift 

from traditional homogeneous base catalysis toward greener approaches such as heterogeneous 

solid-supported catalysts, task-specific ionic liquids, and mechanochemical activation to 

improve reaction efficiency, product purity, catalyst recyclability, and environmental 

sustainability. 

4. Pharmacodynamic and Pharmacokinetic Rationale for Hybridization 

The decision to construct molecular hybrids using the chalcone scaffold is rooted in 

specific pharmacodynamic and pharmacokinetic objectives. In multifactorial diseases like 

cancer and Alzheimer's, single-target inhibition inevitably leads to compensatory pathway 
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activation. A hybrid molecule physically bridges multiple pharmacophores, generating a single 

entity that acts as a multi-target directed ligand (MTDL)[1]. For instance, combining a chalcone 

with a coumarin yields a hybrid capable of simultaneously inhibiting acetylcholinesterase and 

scavenging free radicals two completely distinct mechanisms essential for treating Alzheimer's 

disease [6]. 

From a pharmacokinetic perspective, the synthesis of a hybrid drug ensures that the 

active components share an identical metabolic profile and reach the target tissue at the exact 

same concentration and time[1]. This eliminates the complex variable of staggered 

bioavailability that plagues traditional combination therapies. Furthermore, in the context of 

infectious diseases, molecular hybridization is an evolutionary countermeasure against cellular 

resistance[1]. Multidrug-resistant bacteria and cancer cells frequently overexpress efflux 

pumps (e.g., P-glycoprotein) to extrude therapeutic agents. The substantial molecular weight 

and unique topological surface area of a hybridized molecule often prevent it from fitting into 

the binding pockets of these efflux pumps, effectively trapping the drug inside the target cell 

where it can exert its cytotoxic effects[1]. 

5. Antimicrobial and Antibacterial Innovations: Bioisosteric Replacements and Mutual 

Prodrugs 

Bacterial resistance to standard antibiotics mandates the continuous discovery of novel 

antibacterial architectures. Chalcones have long been known to possess intrinsic antibacterial 

activity, primarily by acting as Michael acceptors that covalently bind to the thiol groups of 

essential bacterial proteins, disrupting cellular metabolism[15-18]. However, early 

investigations into the antibacterial potential of natural chalcones, such as Licochalcone A, 

revealed that specific functional groups, particularly the 4'-hydroxy substituent on the aromatic 

ring, presented pharmacokinetic liabilities due to rapid metabolic conjugation and poor 

aqueous solubility[19]. 

To optimize this, researchers successfully explored bioisosteric replacements. The 

substitution of the 4'-hydroxy group with a more acidic carboxy group drastically improved 

aqueous solubility while retaining potent antibacterial efficacy[4]. Further structure-activity 

mapping demonstrated that incorporating highly lipophilic, electron-withdrawing functional 

groups, such as dibromo or trifluoromethyl moieties, onto the B-ring of carboxychalcones 

dramatically enhanced the molecule's ability to penetrate the thick peptidoglycan layers of 

Gram-positive bacteria[4]. Such optimized hybrids exhibited exceptional potency, with 

Minimum Inhibitory Concentrations (MIC) as low as 2 µM to 40 µM against Staphylococcus 

aureus[4]. 

Additional synthetic derivations have focused on the integration of aminoacetanilide 

derivatives. By utilizing the Claisen-Schmidt condensation of substituted benzaldehydes with 

4-aminoacetanilide in the presence of a base catalyst, researchers have generated a series of N-

(4-aminophenyl)cinnamamide derivatives[4]. These synthesized orange-yellow crystalline 

powders demonstrated significant antimicrobial activity when benchmarked against standard 

commercial therapeutics[19-21]. The presence of the cinnamamide linkage enhances the 

molecule's hydrogen-bonding capacity, facilitating tighter binding to bacterial ribosomal 

subunits. 
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Figure 1. Structural Representation: N-(4-aminophenyl)cinnamamide core 

5.1 Fluoroquinolone-Chalcone Conjugates as Mutual Prodrugs 

A vastly more advanced application of hybridization in antimicrobial therapy involves 

the synthesis of "mutual prodrugs" or codrugs. Fluoroquinolones, such as ofloxacin, 

ciprofloxacin, and levofloxacin, are incredibly potent broad-spectrum antibiotics that exert 

their bactericidal effects by inhibiting bacterial DNA gyrase and topoisomerase IV, effectively 

halting DNA replication[22]. However, their prolonged clinical use is associated with a severe 

limitation: the rapid onset of bacterial resistance and the generation of severe oxidative stress 

in host tissues[22]. To combat this, medicinal chemists have successfully synthesized 

fluoroquinolone-chalcone conjugates, linking these two pharmacophores via covalent ester or 

amide bonds[23]. 

Specifically, the esterification of ofloxacin with appropriately substituted chalcones—

such as fluorinated chalcone derivatives (FCD) synthesized from p-fluorobenzaldehyde and p-

hydroxyacetophenone, or brominated chalcone derivatives (BCD) synthesized from p-

bromobenzaldehyde—yields highly potent mutual prodrugs, designated in literature as P1 and 

P2 conjugates, respectively[22]. The synthesis of these conjugates frequently employs coupling 

reagents like 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to ensure high-yield 

esterification without degrading the sensitive enone bridge[24-26]. 

Table 2. Representative fluoroquinolone-based mutual prodrugs and hybrid conjugates 

incorporating chalcone, peptide, and NSAID pharmacophores for enhanced 

antimicrobial efficacy and multifunctional therapeutic activity. 

Prodrug 

Conjugate 

Pharmacophore 1 Pharmacophore 

2 

Therapeutic Synergism and 

Mechanism 

P1 Conjugate Ofloxacin 

(Fluoroquinolone) 

FCD (Fluorinated 

Chalcone) 

Synergistic antibacterial 

activity against E. coli and P. 

aeruginosa; chalcone 

mitigates ofloxacin-induced 

oxidative stress. [22] 

P2 Conjugate Ofloxacin 

(Fluoroquinolone) 

BCD (Brominated 

Chalcone) 

Improved lipophilicity 

enhances Gram-positive 

penetration; bulky hybrid 
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reduces bacterial efflux pump 

recognition. [22] 

Ciprofloxacin–

TP10 

Ciprofloxacin Transportan 10 

(TP10-NH₂) 

Cell-penetrating peptide 

markedly enhances 

intracellular accumulation of 

ciprofloxacin, improving 

antimicrobial efficacy. [23] 

NSAID Mutual 

Prodrugs 

Ofloxacin Paracetamol / 

Salicylic Acid 

Dual-action conjugates 

simultaneously treat bacterial 

infection and localized 

inflammation in intestinal 

bowel diseases. [26] 

 

Table 2 represent fluoroquinolone-based hybrid prodrugs illustrating the integration of 

chalcone, peptide, and NSAID pharmacophores to enhance antibacterial activity, improve 

intracellular drug delivery, overcome bacterial resistance, and provide complementary anti-

inflammatory effects.  

The logic behind the fluoroquinolone-chalcone codrug is deeply synergistic. First, the 

bulky nature of the conjugated molecule physically hinders its recognition and expulsion by 

bacterial efflux pumps, thereby neutralizing a primary vector for multidrug resistance[17]. 

Second, once the prodrug is internalized and the ester bond is cleaved by native bacterial 

esterases, the hybrid releases the active ofloxacin to fatally inhibit DNA replication. 

Simultaneously, the localized release of the chalcone derivative directly neutralizes the 

oxidative free radicals generated by the fluoroquinolone's mechanism of action, protecting host 

tissues from off-target inflammatory damage[22]. This dual-action mechanism significantly 

lowers the observed MIC compared to unbound ofloxacin and dramatically enhances the 

culture sensitivity profiles for both Gram-positive and Gram-negative pathogens[22]. 

6. Anticancer and Apoptotic Modulators: Mastering Cell Cycle Arrest 

In the realm of oncology, chalcone derivatives are inherently cytotoxic to rapidly 

dividing cells due to their ability to act as Michael acceptors. The α,β-unsaturated carbonyl 

system reacts selectively with nucleophilic sulfhydryl groups found on cysteine residues of 

hyperactive cellular proteins, such as tubulin, topoisomerases, and various receptor tyrosine 

kinases[27-28].To artificially amplify this inherent cytotoxicity, medicinal chemists have 

engineered highly electrophilic hybrid chalcones. 

6.1 Twin Michael Acceptors: α-Bromoacryloylamido Chalcones 

One of the most profound examples of electrophilic enhancement is the synthesis of α-

bromoacryloylamido chalcones. These molecular hybrids integrate a secondary Michael 

acceptor an α-bromoacryloyl moiety directly into the existing α,β-unsaturated ketone 

framework of the chalcone[29-30]. The presence of twin electrophilic centers radically 

increases the probability and kinetics of covalent target engagement. Extensive screening of 

these large libraries (series 1a-m and 2a-k) against diverse human cancer cell lines identified 

specific configurations as exceptionally potent antiproliferative agents[30]. 

The most promising lead molecules identified were compounds 1k ((E)-3-Phenyl-1-

(2,3,4-trimethoxyphenyl)prop-2-en-1-one), 1m, and 2j, which demonstrated the highest 

growth-inhibitory activity across all five tested cancer cell lines[30]. The mechanism of action 

is definitive and terminal. Flow cytometric analysis of K562 leukemia cells exposed to 

compound 1k revealed a massive accumulation of cells in the sub-G0/G1 peak[30].This 
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specific cytometric profile is an unequivocal biochemical marker for extensive DNA 

fragmentation and late-stage apoptosis. The molecular cascade triggering this arrest involves 

the permeabilization of the mitochondrial outer membrane, which releases pro-apoptotic 

factors, including cytochrome c, into the cytosol. This subsequently initiates the formation of 

the apoptosome and aggressively activates the Caspase-3 executioner pathway, leading to 

programmed cell death without triggering systemic necrosis[30]. 

6.2 Benzimidazole-Chalcone Hybrids and Tri-Hybrid Systems 

Simultaneously, the hybridization of chalcones with benzimidazole rings has yielded 

exceptional targeted therapies. Benzimidazoles are nitrogen-rich, bicyclic heterocycles well-

documented for their ability to bind to the minor groove of DNA and inhibit tubulin 

polymerization[31-34]. Fusing this ring with a chalcone scaffold results in compounds with 

astonishing antineoplastic activity. A prominent example is (2E)-1-(1H-benzimidazol-2-yl)-3-

(3,4,5-trimethoxyphenyl)prop-2-en-1-one.7 

 
Figure 2. Structural Representation of (2E)-1-(1H-benzimidazol-2-yl)-3-(3,4,5-

trimethoxyphenyl)prop-2-en-1-one. 

This specific benzimidazole-chalcone demonstrated extreme potency against PC12 

(pheochromocytoma) and HEPG2 (human liver carcinoma) cell lines, returning an IC50 value 

of 0.103 mM[35]. The 3,4,5-trimethoxyphenyl substitution pattern on the chalcone B-ring is 

consistently associated with potent antimitotic activity across medicinal chemistry, as it closely 

mimics the structural geometry of colchicine, allowing the hybrid to lodge into the colchicine-

binding site of tubulin and completely inhibit microtubule assembly during mitosis[34]. 

Furthermore, un-substituted benzimidazole chalcones have also been synthesized and 

evaluated for their anthelmintic activity, exhibiting potent nematicidal action with an LC100 of 

0.002 µg/ml, proving the vast cross-disciplinary utility of this hybrid class[34]. 

Further optimization of the benzimidazole-chalcone framework has led to the 

development of highly complex tri-hybrid systems, specifically benzimidazole-oxadiazole-

chalcone conjugates[36-37]. These tri-hybrids act as potent, multi-kinase inhibitors targeting 

the Epidermal Growth Factor Receptor (EGFR) and the BRAFV600E mutated kinase—two 

critical oncogenic drivers responsible for uncontrolled proliferation in various human 

carcinomas[38]. The inclusion of the 1,3,4-oxadiazole ring acts as a rigid, bioisosteric linker 
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that optimally positions both the chalcone and benzimidazole moieties into the ATP-binding 

pockets of these target kinases. 

Extensive in vitro testing of these hybrids (designated as series 7a-x) revealed 

remarkable cell growth inhibition comparable to doxorubicin, with IC50 values ranging from 

0.95 µM to 12.50 µM across multiple cell lines[38]. The most potent derivative, Compound 

7k, induced a massive cell cycle arrest, accumulating 61.95% of MCF-7 breast cancer cells in 

the G0-G1 phase and 34.86% in the S phase[37]. Western blot analyses confirmed that 

exposure to Compound 7k, along with 7l and 7m, significantly upregulated the expression of 

pro-apoptotic executioner proteins including Bax, Cytochrome C, and Caspases 3, 8, and 9, 

while simultaneously downregulating the anti-apoptotic survival protein Bcl-2 [38]. Molecular 

docking dynamic simulations confirmed that these hybrids received binding scores almost 

identical to the co-crystallized clinical standard, Erlotinib, within the EGFR and BRAF active 

sites[38]. 

Table 3. Anticancer activity of representative chalcone-based hybrid compounds against 

diverse human cancer cell lines, highlighting inhibitory potency and principal 

mechanisms of apoptosis and cell cycle arrest. 

Cancer Cell Line Target Hybrid 

Compound 

Assessed 

Inhibitory 

Activity 

Primary Cytotoxic / 

Apoptotic Mechanism 

K562 (Leukemia) α-Bromoacryloylamido 

Chalcone (Compound 

1k) 

Highly 

active 

Induces sub-G0/G1 cell 

cycle arrest and activates 

the mitochondrial 

apoptotic pathway via 

Caspase-3. [30] 

PC12 

(Pheochromocytoma) 

Benzimidazol-2-yl 

trimethoxyphenyl 

chalcone 

IC₅₀ = 0.103 

mM 

Binds to the colchicine 

site on tubulin, disrupting 

microtubule assembly 

and inducing cell cycle 

arrest. [35] 

MCF-7 (Breast) Benzimidazole–

Oxadiazole–Chalcone 

(Compound 7k) 

IC₅₀ = 0.95 

μM 

Potent EGFR and 

BRAFV600E inhibition; 

upregulates Bax and 

cytochrome c while 

downregulating Bcl-2 to 

promote apoptosis. [37] 

A549 (Lung) / 

OVCAR-3 

Benzimidazole–

Chalcone (Compound 

23a) 

IC₅₀ = 9.73 

μM (A549) 

Demonstrates in vitro 

cytotoxicity comparable 

to or exceeding cisplatin 

against selected cancer 

cell lines. [29] 

Table 3 the Represent anticancer chalcone-based hybrid compounds evaluated against 

human cancer cell lines, summarizing their inhibitory potency (IC₅₀ values) and principal 

mechanisms of action, including cell cycle arrest, kinase inhibition, tubulin destabilization, and 

mitochondria-mediated apoptosis.  

7. Metabolic and Antidiabetic Hybrids: Revolutionizing Glycemic Control 

The clinical management of Type 2 Diabetes Mellitus relies heavily on the strict 

attenuation of postprandial hyperglycemia. A primary pharmacological mechanism to achieve 

this is the inhibition of α-glucosidase, an intestinal brush-border hydrolysis enzyme responsible 

for breaking down complex carbohydrates into absorbable monosaccharides[39-40]. While 
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clinical standards like acarbose, miglitol, and voglibose are effective, they present significantly 

disparate pharmacokinetic profiles and severe tolerability issues. Acarbose and voglibose are 

poorly absorbed from the gut and undergo metabolism in the colon, whereas miglitol is 

absorbed completely and excreted renally[41-42]. Crucially, because acarbose acts as a 

competitive inhibitor, it forces unabsorbed carbohydrates into the lower colon where they 

undergo bacterial fermentation, causing severe gastrointestinal distress (flatulence, diarrhea, 

abdominal discomfort) which severely limits patient compliance[42]. 

A paradigm-shifting application of molecular hybridization in metabolic disease is the 

development of sulfonamide chalcones as a fundamentally new class of α-glucosidase 

inhibitors[43-44]. Initial studies investigating aminated chalcones revealed a strict structure-

activity relationship: while non-aminochalcones (compounds 1-12) exhibited negligible 

inhibitory activity, the introduction of a primary amine (aminochalcones 13-20) profoundly 

increased binding affinity to α-glucosidase, α-amylase, and β-amylase[44]. 

The critical breakthrough occurred when this amine was transformed into a sulfonamide 

group, generating a scaffold of unparalleled potency. Specifically, 4'-(p-toluenesulfonamide)-

3,4-dihydroxy chalcone (Compound 20) emerged as a remarkably potent inhibitor. It yielded 

an extraordinary IC₅₀ of 0.4 µM, vastly outperforming the clinical standard acarbose, which 

typically requires concentrations of over 60 µM (frequently cited near 860 µM in comparable 

assays) to achieve similar enzymatic suppression[44]. Further optimization via the synthesis of 

benzenesulfonyl-aniline chalcone derivatives demonstrated that positioning electron-donating 

groups on the benzenesulfonyl moiety and electron-withdrawing groups on the aniline ring 

maximizes the inhibitory activity against α-glucosidase[41]. 

The profound therapeutic significance of sulfonamide chalcones lies in their enzyme 

kinetics. Unlike acarbose, these hybridized molecules exhibit purely non-competitive 

inhibition[44]. This implies that the sulfonamide chalcone does not compete with the 

carbohydrate substrate for the active site; rather, it binds to a distinct allosteric pocket on the 

α-glucosidase enzyme. This binding induces a critical conformational change in the enzyme's 

three-dimensional structure, rendering the primary active site incapable of processing 

carbohydrates regardless of how much substrate is present. The clinical advantage of non-

competitive inhibition is massive: the efficacy of the drug cannot be overwhelmed by a high-

carbohydrate meal, providing stable, predictable glycemic control without triggering the 

explosive gastrointestinal side effects associated with competitive inhibitors[41]. 

8. Neuroprotective, Anthelmintic, and Multi-Target Directed Hybrids 

The structural promiscuity of chalcones makes them excellent candidates for combating 

parasitic infections and neurodegenerative decline. Anthelmintic drug design has recently 

focused on fusing chalcones with pyrimidines to produce highly active diazine-based 

heterocycles[13]. Pyrimidine-chalcone hybrids, generated via the Claisen-Schmidt 

condensation of substituted acetophenones with thiophene-2-carbaldehyde followed by a 

subsequent reaction with urea, exhibit remarkable toxicity to parasitic helminths[13]. The 

pyrimidine ring interferes with the parasite’s nucleic acid synthesis, while the chalcone moiety 

induces rapid muscular paralysis by disrupting oxidative phosphorylation and calcium 

homeostasis within the organism. These compounds exhibit excellent in silico ADME/Toxicity 

properties, showing sufficient values for absorption, distribution, and excretion to ensure high 

bioavailability[45-50]. 

Furthermore, molecular hybridization is extensively utilized in the development of 

coumarin-chalcone hybrids targeting neurodegenerative disorders, particularly Alzheimer's 
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and Parkinson's diseases[6]. Coumarins naturally occur as benzopyrone derivatives and possess 

inherent monoamine oxidase (MAO) and acetylcholinesterase (AChE) inhibitory activities[6]. 

When hybridized with a chalcone backbone, the resulting compounds act as supreme multi-

target agents. For example, compound ChC4 selectively inhibits the MAO-B isoform at 

submicromolar concentrations, effectively reducing dopamine breakdown in Parkinson's 

models, while simultaneously suppressing the aggregation of amyloid-beta plaques[16]. The 

extended, highly lipophilic structure of the coumarin-chalcone hybrid facilitates efficient 

penetration of the blood-brain barrier (BBB), delivering the drug directly to the central nervous 

system. 

Additionally, specific di- and tri-acetylbenzyl chalcone derivatives have demonstrated 

extraordinary anti-neurotoxic properties[9]. These hybridized compounds drastically suppress 

lipopolysaccharide (LPS)-induced nitric oxide (NO) generation in cultured cortical neurons 

and microglial cells at low concentrations (ranging from 1 to 10 µM). By aggressively 

scavenging 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals and suppressing 

neuroinflammation, these hybrids halt the cascade of oxidative stress that typically culminates 

in neuronal apoptosis, offering a vital therapeutic avenue for halting the progression of 

neurodegeneration[9]. 

9. Deep Structure-Activity Relationship (SAR) Profiling 

The vast library of synthesized chalcone hybrids allows for the extraction of highly 

definitive Structure-Activity Relationship (SAR) rules, which serve as a predictive blueprint 

for future rational drug design. 

Table 4. Key structure–activity relationship (SAR) features governing the biological 

activity of chalcone derivatives through modulation of molecular reactivity, target 

binding, and pharmacological pathways. 

Structural 

Modification / 

Parameter 

Pharmacological Effect & 

Mechanism of Action 

Major Target Pathway 

α,β-Unsaturated 

Carbonyl Core 

Essential Michael acceptor enabling 

covalent interaction with nucleophilic 

cysteine residues of target proteins. 

[4] 

General cytotoxic and 

antimicrobial activity 

Electron-Withdrawing 

Groups (EWGs) 

Halogens (F, Cl, Br) or nitro groups 

increase enone electrophilicity, 

improving target affinity and 

lipophilicity (LogP). [4] 

Anticancer (kinase 

inhibition); antibacterial 

cell wall penetration 

Electron-Donating 

Groups (EDGs) 

Hydroxyl, methoxy, and amino 

substituents enhance electron 

donation, hydrogen atom transfer, and 

ROS scavenging. [7] 

Antioxidant, anti-

inflammatory, and 

neuroprotective effects 

3,4,5-

Trimethoxyphenyl 

Substitution 

Mimics colchicine, promoting strong 

binding to the tubulin colchicine-

binding site. [7] 

Antimitotic activity and 

cell cycle arrest 

Narrow HOMO–

LUMO Energy Gap 

Facilitates electron transfer and 

enhances free radical quenching 

efficiency. [9] 

Anti-neurotoxicity and 

DPPH radical 

scavenging 

Bulky Hybrid Moieties 

(e.g., Sulfonamides) 

Steric hindrance favors allosteric 

rather than active-site binding, 

producing non-competitive inhibition. 

[44] 

Non-competitive 

enzyme inhibition (e.g., 

α-glucosidase) 
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Table 4 represent the Structure–activity relationship (SAR) of chalcone derivatives 

illustrating the influence of key structural modifications on molecular reactivity, target 

interactions, and pharmacological activities, including anticancer, antimicrobial, antioxidant, 

neuroprotective, and enzyme inhibitory effects. 

10. Future Perspectives and Translational Challenges 

Despite the overwhelming in vitro and in silico success of molecular hybridization 

involving chalcone derivatives, translating these complex molecules into functional clinical 

therapeutics poses formidable challenges. 

The primary barrier is pharmacokinetic stability. By definition, hybrid molecules 

possess significantly higher molecular weights and larger topological polar surface areas than 

traditional small-molecule drugs. As the molecular weight approaches or exceeds the 500 

Dalton threshold, the compounds frequently violate Lipinski’s Rule of Five. This results in 

poor aqueous solubility, reduced intestinal absorption, rapid hepatic metabolism, and 

consequently, limited oral bioavailability[3]. While strategies like bioisosteric replacement 

(e.g., swapping hydroxyls for carboxylic acids) temporarily mitigate solubility issues, 

achieving a delicate balance between lipophilicity (necessary for crossing lipid bilayers and the 

blood-brain barrier) and hydrophilicity (necessary for systemic circulation) remains a complex 

optimization problem[3]. 

Furthermore, the very mechanism that makes chalcones potent their unselective 

Michael acceptor reactivity can lead to severe off-target toxicity. Highly electrophilic hybrids 

may indiscriminately alkylate non-target proteins in the bloodstream or liver, forming 

irreversible covalent adducts that can trigger severe immune responses, hepatotoxicity, or 

systemic cellular stress. Therefore, current drug design is intensely focused on calibrating the 

electrophilicity of the enone core, ensuring it is reactive enough to bind its designated 

pathological target (e.g., a specific overexpressed cancer kinase) but stable enough to circulate 

safely without binding to highly abundant serum proteins like albumin. 

To overcome these physical limitations, future research vectors are heavily leaning 

toward the integration of chalcone hybrids with nanotechnology and targeted drug delivery 

systems. Encapsulating potent, highly lipophilic chalcone hybrids such as the α-

bromoacryloylamido derivatives or the ofloxacin mutual prodrugs within liposomes, polymeric 

nanoparticles, or dendrimers could theoretically resolve all solubility constraints[4]. These 

nanocarriers can provide localized, controlled release directly at the site of infection or within 

the highly vascularized, leaky tumor microenvironment, protecting the drug from premature 

degradation while shielding healthy tissues from off-target toxicity. 

Additionally, the application of Artificial Intelligence (AI), machine learning, and 

molecular dynamics simulations in Computer-Aided Drug Design (CADD) is dramatically 

accelerating the discovery pipeline[4]. By computationally simulating the interactions between 

theoretical hybrids and virtual target enzymes, researchers can accurately predict binding 

affinities, metabolic degradation pathways, and toxicological profiles before a single physical 

compound is synthesized in the laboratory. This in silico prescreening ensures that only the 

most thermodynamically stable and pharmacokinetically viable chalcone hybrids advance to 

expensive in vitro and in vivo testing phases. 

11. Conclusion 

The strategic implementation of molecular hybridization has fundamentally redefined 

the utility and scope of the chalcone scaffold in medicinal chemistry. No longer restricted to 

the limitations of simple natural product derivatives or ineffective single-target monotherapies, 
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modern chalcone hybrids represent highly engineered, multifunctional molecular machines 

explicitly designed to intercept the overlapping pathological pathways of complex, 

multifactorial diseases. 

The empirical evidence generated through extensive synthetic and pharmacological 

evaluation is unequivocally compelling. By capitalizing on the permissive nature of the 

Claisen-Schmidt condensation and integrating modern green chemistry protocols such as ionic 

liquid catalysis, researchers have generated vast libraries of diverse hybrid agents. The covalent 

fusion of fluoroquinolones with chalcones has yielded mutual prodrugs that simultaneously 

eradicate multidrug-resistant bacterial strains, evade efflux pump extrusion, and quench self-

induced oxidative stress. In oncology, the integration of benzimidazoles, oxadiazoles, and 

secondary Michael acceptors with the chalcone backbone has produced highly targeted 

apoptotic agents capable of destabilizing tubulin, inhibiting mutated oncogenic kinases like 

EGFR and BRAF, and forcing aggressive carcinomas into terminal cell cycle arrest via 

mitochondrial permeabilization. Furthermore, the synthesis of sulfonamide chalcones has 

introduced a new paradigm of non-competitive, allosteric inhibitors of α-glucosidase that vastly 

outpace traditional clinical therapeutics, offering a highly stabilized, side-effect-minimized 

approach to managing metabolic syndromes. 

Ultimately, as the pharmaceutical industry gradually shifts away from the inherent 

limitations and toxicities of polypharmacy, and instead embraces the multi-target directed 

ligand approach, molecular hybridization stands as the preeminent strategy for rational drug 

design. With continued optimization of pharmacokinetic parameters, careful calibration of 

Michael acceptor electrophilicity, and the integration of advanced computational modeling and 

nanotechnological delivery systems, chalcone-based molecular hybrids possess the distinct and 

undeniable potential to populate the next generation of safe, precise, and highly efficacious 

therapeutic agents. 
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The following abbreviations are used in this manuscript: 

Abbreviation Full Form 

AChE Acetylcholinesterase 

ADME Absorption, Distribution, Metabolism, and Excretion 

AI Artificial Intelligence 

ATP Adenosine Triphosphate 

BCD Brominated Chalcone Derivative 

BBB Blood–Brain Barrier 

Bcl-2 B-cell Lymphoma 2 

BRAF v-Raf Murine Sarcoma Viral Oncogene Homolog B 

Bax Bcl-2-associated X Protein 

CADD Computer-Aided Drug Design 

Caspase Cysteine-dependent Aspartate-directed Protease 

DPPH 2,2-Diphenyl-1-picrylhydrazyl 

DMF Dimethylformamide 

DNA Deoxyribonucleic Acid 

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EDGs Electron-Donating Groups 

EGFR Epidermal Growth Factor Receptor 

EWG Electron-Withdrawing Group 

FCD Fluorinated Chalcone Derivative 

H₂SO₄ Sulfuric Acid 

HCl Hydrochloric Acid 

HOMO Highest Occupied Molecular Orbital 

IC₅₀ Half-Maximal Inhibitory Concentration 

IL Ionic Liquid 

K₂CO₃ Potassium Carbonate 

KF/NP Potassium Fluoride-Supported Nanoparticles 

LC₁₀₀ Lethal Concentration Causing 100% Mortality 

LogP Octanol–Water Partition Coefficient 

LPS Lipopolysaccharide 
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LUMO Lowest Unoccupied Molecular Orbital 

MAO Monoamine Oxidase 

MAO-B Monoamine Oxidase B 

MIC Minimum Inhibitory Concentration 

MTDL Multi-Target Directed Ligand 

NaOH Sodium Hydroxide 

NSAID Non-Steroidal Anti-Inflammatory Drug 

NO Nitric Oxide 

P-gp P-glycoprotein 

P1/P2 Fluoroquinolone–Chalcone Mutual Prodrug Conjugates 

ROS Reactive Oxygen Species 

SAR Structure–Activity Relationship 

SO₃H Sulfonic Acid Functional Group 

TP10 Transportan 10 Cell-Penetrating Peptide 
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