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ABSTRACT 
Background: Coumarins and their derivatives represent a diverse class of bioactive molecules linking synthetic 

organic chemistry with modern biomedical applications. Their versatile benzopyran-2-one scaffold allows extensive 
chemical modification, resulting in derivatives with remarkable pharmacological and photophysical properties. Aim: This 
review aims to summarize advances in the synthesis of coumarin derivatives and to correlate their structural features with 
biological activities, highlighting their potential as multifunctional agents in applied chemical and biological systems. 
Methods: An integrative analysis of recent literature was performed, encompassing classical and contemporary synthetic 
strategies—including cyclization, condensation, cross-coupling, and green catalytic methods—and their optimization 
through computational tools such as molecular docking and quantitative structure–activity relationship modeling. Results: 
The reviewed data reveal that substitution patterns on the coumarin nucleus critically modulate biological activity across 
a wide range of pharmacological targets. Derivatives exhibit potent anticancer, antimicrobial, antiviral, antifungal, 
neuroprotective, and cardioprotective effects. Light-responsive and fluorescent coumarins also serve as effective 
photosensitizers, bioimaging probes, and targeted drug-delivery systems. Environmentally friendly synthetic 
methodologies and mechanistic modeling further expand the practical applications of these molecules. Conclusion: The 
integration of synthetic innovation, biological evaluation, and computational prediction underscores coumarins as 
privileged scaffolds at the interface of chemistry and biology. Continued interdisciplinary research is expected to drive 
the rational design of safer, more selective coumarin-based therapeutics and functional materials for future biomedical 
and technological applications. 
Keywords: coumarin derivatives; synthetic methodologies; biological activity; green chemistry; molecular docking; 
bioimaging 

1. Introduction 
The integration of chemistry and biology is anchored in shared 

molecular architectures that govern vital biological functions[1]. 
Investigating the design, synthesis, and functional assessment of 
bioactive molecules enables more precise predictions of their 
biological behavior. Among these, coumarin and its structural 
analogues represent an exceptionally versatile class of compounds, 
participating in diverse biochemical processes[2]. Advances in 
polymer-based scaffolds and molecular probes have demonstrated that 
the distinctive photophysical and structural attributes of coumarin 
derivatives can be effectively exploited for site-specific targeting[3]. 
Understanding how these derivatives interact with biological receptors 
enriches the synthesis–activity relationship framework, thereby 
guiding the rational design of next-generation coumarin analogues 
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with optimized efficacy[4]. Collectively, these interdisciplinary insights establish fertile ground for innovation 
at the interface of medicinal chemistry and chemical biology[5]. 

The contemporary research landscape surrounding coumarins and coumarin-like systems encompasses 
bioassay-guided design, synthetic development, and molecular dynamics-based activity studies[6]. Coumarins 
continue to serve as cornerstone structures in the exploration of structure–activity relationships (SAR) 
characteristics aimed at translational biomedical applications. Their well-documented antioxidant[7], 
anticancer[8], antiviral[9], antifungal[10], cardioprotective[11], anti-obesity[12], psychoactive[13], and 
neuroprotective[14] effects sustain widespread scientific interest. More recently, nanostructured carriers, 
polymeric probes, and coumarin-functionalized materials have been engineered for targeted drug delivery and 
fluorescence-based bioimaging[15]. Within this expanding synthesis–bioactivity continuum, particular 
emphasis is placed on understanding how substitution patterns influence biological potency and synthetic 
feasibility, offering a clearer pathway for tailoring coumarin derivatives toward precise therapeutic and 
diagnostic goals[16]. 

2. Chemical foundations of coumarins 
Although traditionally defined within a rigid structural framework, coumarins actually encompass a broad 

and versatile class of bioactive molecules whose SARs continue to inspire research into novel synthetic 
pathways, structural analogs, and pharmacologically relevant derivatives[17]. The discussion of classical 
coumarins in the context of synthesis and molecular design reflects both their historical importance and their 
enduring role as privileged scaffolds in modern medicinal chemistry[18]. The benzopyran-2-one nucleus—a 
defining structural motif—serves as the foundation for diverse substitution patterns that modulate reactivity, 
pharmacokinetics, and biological potency[19]. These SAR principles are recurrently explored in relation to 
synthetic strategies, therapeutic applications, and biological profiles throughout this review. 

Coumarin and its derivatives, whether naturally occurring or synthetically derived, exhibit a remarkable 
spectrum of pharmacological effects. Their reported biological activities include anticancer, antifungal, 
antiviral, cardioprotective, enzyme inhibitory, and photoactive properties, among others[20]. When evaluated 
as photosensitizers, attention has been directed toward their photostability and the mechanistic pathways 
underlying their photo-induced behavior[21]. Comprehensive SAR studies have emphasized the influence of 
substituents on the coumarin ring system in determining biological efficacy, while molecular docking 
investigations have elucidated potential interactions between coumarin derivatives and key enzymatic 
targets—collectively reinforcing their significance in drug discovery and biomedical research[22]. 

Structural features and substitution patterns 
The coumarin framework consists of a fused benzene and α,β-unsaturated carbonyl system forming a 

lactone ring. Structurally, it represents a six-membered aromatic ring linked to a six-membered lactonized 
ketone, creating a conjugated system with pronounced electronic delocalization[23]. Electrophilic substitution 
reactions at specific carbon positions often generate additional five- or six-membered rings, many of which 
correspond to key pharmacophoric domains[24]. However, electron distribution within the coumarin skeleton 
is not entirely uniform. The conjugation between the carbonyl and the olefinic double bond facilitates electron 
migration across the molecule, enhancing the reactivity of the aromatic ring[25]. This electronic behavior 
underlies the diverse biological activities of coumarin derivatives, which are influenced not only by the parent 
nucleus but also by substituents at the C-4, C-6, and C-7 positions. Substituents capable of forming 
intramolecular hydrogen bonds can further stabilize the preferred three-dimensional (3D) conformation, 
thereby reinforcing biological efficacy[26]. 
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Coumarin and its derivatives occur widely in nature and display a broad spectrum of pharmacological 
properties[27]. Beyond their biomedical relevance, coumarins are recognized for their strong fluorescent 
characteristics, serving as essential components in dye probes and natural photosensitizers[28]. The substitution 
pattern on the coumarin ring critically governs its photophysical and biological behavior, dictating both activity 
and specificity. These compounds may participate directly in photodynamic reactions or facilitate light-
induced detoxification processes through their excited-state interactions[29]. Additionally, coumarin-based 
molecules can function as ligands or enzyme inhibitors, targeting several biological systems such as HIV-1 
integrase, acetyl-, butyryl-, and carboxylesterases, as well as cytochrome P450 isoenzymes[30]. 

Synthetic strategies: Traditional and modern approaches 
Two principal synthetic approaches are generally employed for producing coumarins and their derivatives. 

The first involves classical ring-forming routes from simple phenolic precursors such as salicylic acid, o-
hydroxyacetophenone, resorcinol, and coumarin itself. The second relies on modern synthetic strategies that 
utilize salicylaldehydes and readily tunable electrophilic or nucleophilic reagents. These methods emphasize 
structural flexibility and enable the preparation of a wide range of substituted coumarins suitable for 
subsequent biological evaluation[31]. In the traditional approach, coumarin scaffolds are typically generated 
through cyclization reactions involving phenolic compounds and α-substituted acrylates or α-oxocarboxylic 
acids[32]. The fundamental benzopyran ring system can also arise from ultraviolet-induced transformations of 
coumarin derivatives or via condensations between β-oxo acids and o-hydroxyarylaldehydes[33]. Notably, an 
uncommon near-concave orientation of oxygen substituents has been harnessed to yield 1-alkylcoumarins, 
chlorophyll-related intermediates, and potential precursors of red-fluorescent 4-methyl-7-hydroxycoumarin[34]. 
Furthermore, acetal-type intermediates have been successfully cyclized under both conventional heating and 
microwave irradiation, highlighting the synthetic efficiency of microwave-assisted coumarin formation[35]. 

Over the past few decades, numerous innovative and operationally simple methodologies have emerged 
for the synthesis of coumarins and their analogues. These advances have significantly broadened the scope of 
coumarin chemistry, facilitating their exploration as antibacterial, anticancer, anti-inflammatory, 
antiproliferative, anti-HIV, antituberculosis, and chemopreventive agents[36]. In parallel, considerable attention 
has been directed toward green and sustainable chemistry, promoting the use of environmentally benign 
solvents, recyclable catalysts, and energy-efficient techniques[37]. This ongoing interest underscores not only 
the scientific importance of the coumarin nucleus but also the enduring fascination with its aesthetic and 
functional versatility, including its role in fragrance design and fine chemical synthesis[38]. 

3. Synthetic methodologies for accessing coumarins 
A wide array of synthetic strategies has been developed to convert easily accessible precursors into 

coumarins bearing diverse substitution patterns, as illustrated in Figure 1. Fundamentally, the construction of 
coumarin scaffolds involves cyclization reactions responsible for forming the lactone ring and carbon–carbon 
bond-forming steps that introduce or modify peripheral substituents[39]. 
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Figure 1. Transforming methodologies for the synthesis of coumarins and their analogues. 

Cyclization reactions, which form the characteristic six-membered lactone ring, constitute one of the most 
straightforward and versatile methods for synthesizing coumarins. These reactions are extensively utilized in 
both synthetic chemistry and cheminformatics due to their reliability and structural precision[40]. Lactone 
formation can also be achieved through the acylation of phenolic substrates with keto acids under conditions 
that preserve the integrity of the core structure or via multi-component synthetic routes. Typically, these 
coumarin-forming reactions are preceded by steps that introduce alkyl or aryl groups at the C-3 or C-4 positions, 
ensuring that the subsequent cyclization proceeds from readily available and suitably substituted precursors[41]. 
Efficient removal of reaction by-products facilitates the formation of poly-substituted coumarins through these 
cyclization strategies, which can also be adapted for the synthesis of structurally related chromone 
derivatives[42]. Moreover, selective opening of the coumarin ring provides additional opportunities for 
functional modification and diversification, enabling the design of a wide range of substituted and tailored 
derivatives for further investigation[43]. 

Cyclization and lactone ring formation 
Classical cyclization reactions continue to serve as the foundation for the synthesis of coumarins and 

related analogues. These strategies typically exploit the electrophilic nature of the carbonyl carbon and the 
pronounced nucleophilicity of the ortho- or para-position of phenolic substrates, facilitating intramolecular 
ring closure. In contrast, modern synthetic methodologies have evolved to employ aromatic precursors 
functionalized with α-ionone-like ketones or keto-esters, enabling the incorporation of diverse coupling 
partners[44]. This advancement has broadened synthetic access to 3-alkyl- and 3,4-disubstituted coumarin 
derivatives with improved structural and functional diversity[45]. Catalytic cyclization reactions involving 
electron-deficient vinyl intermediates have emerged as efficient routes for generating hydroxylated 3-aryl-
substituted furanones. Similarly, condensation reactions of ortho-oxidized phenolic species—often under 
metal-catalyzed conditions—remain among the most effective approaches to constructing the coumarin 
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nucleus[46]. These reactions typically proceed through nucleophilic attack of activated phenolic hydroxyls on 
electron-deficient α-carbonyl moieties, forming new carbon–carbon bonds in high yields[47]. 

Modified oxidation-based protocols, such as Swern-type oxidations, have also been adapted to produce 
3-halo- and 2,2-dimethyl-substituted coumarins from simple phenolic precursors. The resulting intermediates 
serve as versatile building blocks for the synthesis of more complex frameworks, including α-diketones, α-
tocopheryl glycosides, and γ-branched butyrolactones[48]. Copper-catalyzed coupling reactions have further 
expanded access to lactone-bearing coumarins and butyrolactone-annulated derivatives through efficient C–C 
and C–O bond formations[49]. Finally, condensation of silyl-protected phenols with α,β-unsaturated carbonyl 
compounds provides a thermodynamically favorable pathway to functionalized coumarin–lactone hybrids[50]. 
These transformations, often related to modified Perkin-type or Schiff-base-assisted reactions, highlight the 
remarkable versatility of phenolic cyclization chemistry in generating structurally enriched and biologically 
significant coumarin derivatives[51]. 

Carbon-carbon bond formations 
Carbon–carbon bond formation represents a central step in constructing functionally diverse coumarins. 

Numerous synthetic methodologies have been developed to extend the π-conjugation of the coumarin nucleus 
and introduce structural diversity[52]. Among these, transition-metal-catalyzed cross-coupling reactions—
including Suzuki, Mizoroki–Heck, Sonogashira, Stille, Negishi, and Buchwald–Hartwig couplings—play a 
particularly important role. These reactions enable efficient introduction of aryl or alkyl substituents, especially 
at the C-3 and C-4 positions, thereby enhancing both the electronic and steric versatility of the scaffold[53]. 
Additionally, thioester-mediated thiol–Yláng transformations have been employed to further expand the 
synthetic scope toward sulfur-containing analogues[54]. 

Although less frequently used, annulation strategies have also been explored to generate new coumarin 
cores and their oxygenated derivatives via cascade or domino processes. For instance, the direct acylation of 
commercially available monochlorocoumarins with acyl chlorides proceeds smoothly under mild conditions, 
favoring substitution at the C-6 position due to its intrinsic electronic reactivity[55]. Similarly, nucleophilic 
addition–dehydration reactions of C-7-dialkyl-substituted coumarins yield silylether intermediates, which can 
be transformed into chromeno[4,3-b]quinone frameworks through one-pot catalytic processes[56]. 

Microwave-assisted cyclization followed by acid-mediated aromatic nucleophilic chloro-methylation has 
also been demonstrated as an efficient route to produce naturally occurring 7-benzylated 4-pyrone scaffolds. 
These pyrone intermediates can be further coupled with 8-formyl-substituted coumarins through one-pot 
reactions, allowing modular access to complex architectures[57]. More recently, C-6-alkynylated 3-
methylcoumarins have been shown to undergo mercuration, enabling subsequent addition of organozinc 
reagents to afford C-6-alkyl-substituted derivatives in excellent yields[58]. Collectively, these versatile 
methodologies highlight the growing potential of modular carbon–carbon bond-forming strategies in 
optimizing the synthesis and functional diversity of coumarin derivatives. 

Green and catalytic methods 
Environmentally benign catalysts and green solvent systems have demonstrated high efficiency in 

promoting reactions that yield coumarin-based frameworks. In line with the increasing global emphasis on 
sustainable methods for organic synthesis, particularly for biologically active and naturally derived compounds, 
a novel approach was established for coumarin synthesis[59–61]. This method employs carbohydrate-derived 
dialdehydes as key precursors in the presence of 2,6-dimethylpyridinium 4-sulfonate under microwave 
irradiation[62]. The microwave-assisted protocol not only enhances reaction rates and yields but also minimizes 
environmental impact, offering a practical route for generating coumarin derivatives with potential biological 
significance[63]. 
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Moreover, 1-arylcoumarins bearing free hydroxyl groups or 4-substituted derivatives can be efficiently 
prepared via one-pot reactions involving 1-(2-hydroxyphenyl)ethan-1-ones and aryloxyl- or arylsulfamoyl-
substituted acrylates. The latter intermediates are synthesized through acetylene–sulfonamide coupling, and 
the overall reaction proceeds smoothly in the presence of catalytic trifluoroacetic acid[64]. In another synthetic 
strategy, 6-hydroxy-4-methyl-2-phenyl-4H-pyran-3,5-dione—functioning dually as a 1,3-dicarbonyl and an 
α,β-unsaturated carbonyl compound—undergoes a three-component reaction with 2-substituted 3-
oxobutanedinitriles and 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl, affording a new class of 4H-pyran-
4-ones featuring coumarin fragments[65]. Additionally, the role of quaternary phosphonium salts as probes for 
assessing the nucleophilicity of azole and thiophene rings has been explored in the synthesis of 4-substituted 
coumarins[66]. Finally, 3-hydroxy-2-benzothiazolyl-4H-chromen-4-one derivatives have been successfully 
obtained through a simple one-pot transformation of 3-hydroxy-2-benzothiazolyl-4H-pyran-4-ones with ortho-
aminophenols. This transformation is proposed to proceed via sequential cyclocondensation and 
cyclodehydration steps, offering an efficient route to structurally diverse and biologically promising coumarin 
analogues[67]. 

4. Biological activity and mechanistic insights 
Biological activity remains the central factor driving scientific and technological interest in coumarins. 

These compounds exhibit remarkable versatility, engaging multiple molecular targets across diverse 
biochemical pathways that underpin their therapeutic, pharmacological, and even technological relevance[68]. 
A comprehensive understanding of the structural and electronic features governing coumarin bioactivity not 
only bridges the gap between synthesis and application but also provides insights for future developments, 
particularly in integrating biological efficacy with safety and toxicological assessments[69]. 

The intrinsic structural framework of coumarins enables selective interactions with key enzymes and 
receptors, making them valuable scaffolds in medicinal chemistry. Their inherent fluorescence has further 
expanded their role as probes in bioimaging and sensing technologies[70]. Structural modifications—
particularly variations in substituent type and spatial orientation—have proven crucial for modulating enzyme 
inhibition and biological potency. Consequently, extensive SAR studies have been conducted on both 
halogenated[71,72] and non-halogenated[73,74] coumarin analogues exhibiting anticancer, antibacterial, antiviral, 
and antifungal properties. Complementary molecular docking investigations have elucidated binding modes 
and guided the rational design of more active derivatives[75]. Several coumarin-based compounds demonstrate 
potent bioactivity with minimal toxicity, and recent efforts have explored their formulation as prodrugs to 
enhance pharmacokinetic profiles and targeted delivery[76]. Additionally, photoresponsive coumarins have 
shown promise as photosensitizers in photodynamic therapy and as photoreactive agents capable of regulating 
controlled drug release, highlighting their dual potential in both therapeutic and material science contexts[77]. 

Photosensitizers and photobiology 
Coumarin-based molecules exhibit remarkable photochemical behavior, particularly their ability to 

sensitize molecular oxygen and participate in fluid-phase photocycloaddition reactions under light 
stimulation[78]. Their function as photosensitizers has gained growing attention in photodynamic therapy as 
well as in chemical and biochemical applications. In this context, the role of the coumarin nucleus as a 
photosensitizing agent is critically examined, emphasizing the key processes that follow photoexcitation, the 
fundamental photophysical parameters that determine photosensitizing efficiency, methods for assessing 
triplet-state quantum yields, and the broader implications of these findings for applied research[79]. 

Heterocyclic frameworks featuring extended π-conjugation are ideal for photo-induced transformations, 
as their photophysical properties can be finely tuned by adjusting the number of π-bonds or introducing specific 
substituents[80]. Among them, coumarin derivatives stand out due to their high fluorescence quantum yields 
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and moderate triplet-state energies, which together enable efficient singlet oxygen generation[81]. This dual 
property renders coumarins highly suitable as active oxygen sensitizers while simultaneously allowing 
dynamic monitoring of photo-induced reactions within coumarin-based systems[82]. In addition, their intense 
fluorescence and UV-absorbing characteristics have led to the widespread use of coumarins as fluorescent 
probes and ultraviolet filters, particularly in cosmetic formulations[83]. Recently, several patented products have 
incorporated coumarins as core active components, including advanced photoprotective sunscreens and optical 
dyes designed to safeguard sensitive tissues[84]. Consequently, fundamental investigations into the 
photochemical and photophysical behavior of coumarins are paving the way for innovative applications in 
medicine, materials science, and photonics. 

Enzyme inhibition and pharmacophores 
Key enzymatic systems play a pivotal role in mediating the pharmacological effects of coumarins. These 

compounds modulate a wide spectrum of biological targets, including enzymes such as protein kinases[85], 5-
lipoxygenase[86], and topoisomerase II[87]. Among these, the latter is particularly significant, as both natural 
and synthetic coumarins have demonstrated potent anticancer activity through its inhibition[88]. Other notable 
enzyme targets sensitive to coumarins include acetylcholinesterase, tyrosinase, bacterial DNA gyrase, lipase, 
xanthine oxidase, monoamine oxidase, and ribonucleotide reductase[89]. 

SAR analyses have been instrumental in identifying the molecular determinants that enhance coumarin–
enzyme interactions. Functional groups such as hydrogen bond donors and acceptors, hydrophobic domains, 
and other pharmacophoric features contribute to the affinity and specificity of binding at enzyme active sites[90]. 
These structural insights are particularly evident in recent coumarin derivatives designed to inhibit 
cholinesterase, xanthine oxidase, 5-lipoxygenase, and 3-chymotrypsin[91]. For example, quinolinyl-substituted 
coumarins have been shown to inhibit 5-lipoxygenase, a key enzyme involved in the biosynthesis of 
proinflammatory leukotrienes associated with asthma and allergic reactions[92]. Computational docking studies 
reveal that binding within the 5-lipoxygenase catalytic pocket is primarily stabilized by interactions involving 
the coumarin carbonyl and the nitrogen atom of the quinoline ring[93]. The derived 3D pharmacophore model 
highlights one hydrogen bond acceptor and one lipophilic site as critical features for activity[94]. 

Similarly, coumarin-based hybrid inhibitors targeting cholinesterases—enzymes implicated in 
Alzheimer’s disease—have been rationally designed to include a carbamate group as a reversible inhibitory 
moiety, together with acetyl or carbonyl functionalities that enable Michael-type covalent interactions[95]. 
Additional linkers or substituents refine the molecular geometry, allowing optimal alignment within the 
enzyme’s active site. SAR evaluations confirm that 3D orientation and spatial arrangement are essential for 
high potency, a finding further supported by 3D pharmacophore models comprising three key interaction 
components essential for effective enzyme inhibition[96]. 

Structure–activity relationships 
SAR analyses provide essential understanding of how specific molecular modifications influence 

biological responses and therapeutic outcomes. By systematically linking structural variations to bioactivity, 
SAR studies serve as a cornerstone for rational drug design and the prioritization of lead compounds[97]. In the 
case of coumarins and their derivatives, distinct substituent patterns play a decisive role in determining 
biological targets and mechanisms across diverse therapeutic areas[98]. 

Monocyclic coumarins featuring a four-atom lactone core exhibit marked effects on enzymes such as 
tyrosinase and thymidylate synthase, both of which are key targets in anticancer therapy. Insights into enzyme–
ligand interactions involving the coumarin nucleus have facilitated the rational design of more potent 3-
substituted analogues with enhanced enzyme affinity[99]. Moreover, variations in substitution patterns 
significantly modulate inhibitory activity toward tubulin polymerization, a critical pathway in tumor cell 
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division[100]. The positioning of phenolic and furan moieties also exerts strong control over cytotoxic potential 
against various cancer cell lines, including those incorporating five-membered beryllium-linked units[101]. 

A notable example is 7-(3,4-dihydroxy-5-pentenyloxy)benzothiocoumarin, which demonstrates 
pronounced cytotoxicity against breast cancer (MDA-MB-231), colorectal (HCT-15, HT-29), and lung (TRC-
50, NCI-H460, A549) cell lines by interfering with the thymidylate synthase–thymidine kinase complex[102]. 
Furthermore, selective monofunctionalization of the phenyl ring enhances halogen-binding affinity, effectively 
targeting methicillin-resistant Staphylococcus aureus through inhibition of dihydrofolate reductase[103]. The 
presence of a hydroxyl substituent is also critical for interactions with adenosine kinase, underscoring how 
minor structural alterations can profoundly influence binding behavior and biological efficacy[104]. 

5. Therapeutic and pharmacological applications 
A diverse array of coumarins and their structural analogues display remarkable pharmacological 

properties, as illustrated in Figure 2. The biological potential of coumarins is closely linked to the distinctive 
structural elements of their core nucleus—particularly the carbonyl functionality at the C-2 position. These 
functional moieties enhance molecular recognition by mediating versatile interactions with biological 
macromolecules such as proteins, nucleic acids, and lipids[105]. Moreover, the cis-pentadienyl side chain, 
distinguished by its conjugated double-bond system, plays a crucial role in photochemical processes[106]. 
Acting as a principal chromophore in plant chloroplasts, it readily participates in the formation of reactive 
oxygen species, including singlet oxygen and triplet excited states. The subsequent interaction of singlet 
oxygen with coumarin derivatives often leads to the generation of various oxidized products, such as 
naphthoquinones, carboxylic acids, and aromatic derivatives, further underscoring the structural versatility and 
reactivity of the coumarin framework[107]. 
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AntibacterialAntifungal
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Figure 2. Therapeutic and pharmacological applications of coumarins and their analogues. 

Coumarins can also associate with specific proteins through non-covalent interactions, contributing to 
their photostability and enhancing their role as photosensitizers in photodynamic cancer therapy[108]. Their 
ability to transfer energy and electrons enables them to react with diverse biological substrates, including 
nucleic acids, proteins, and membrane lipids, thereby inducing targeted cytotoxic effects in tumor cells. From 
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a therapeutic standpoint, coumarins represent a versatile scaffold for drug discovery[109], as shown in Figure 
3. Several derivatives have demonstrated the ability to inhibit multidrug-resistant microbial and viral strains 
by suppressing overexpressed transport proteins, thereby overcoming resistance mechanisms[110]. Moreover, 
hydrophilic coumarins such as 7-hydroxy- and 7-methoxy-4-pyridin-3-yl-coumarins exhibit the capacity to 
penetrate the blood–brain barrier and protect human neuroblastoma SH-SY5Y cells from oxidative-stress-
induced neuronal injury[111]. Other coumarin analogues have been identified as selective inhibitors of protein–
DNA[112] and protein–protein[113] interactions, as well as modulators of blood coagulation with minimal 
influence on the fibrinolytic system[114]. 
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Figure 3. Examples of some coumarins with approved therapeutic effects. 

Anticancer and antibacterial activities 
Coumarin derivatives have attracted significant attention in anticancer drug discovery owing to their broad 

spectrum of cytotoxic mechanisms and structural versatility. Their antitumor potential is primarily linked to 
their ability to interfere with multiple molecular targets involved in cancer cell proliferation, apoptosis, 
angiogenesis, and metastasis[115]. Many coumarin-based compounds act by inhibiting key enzymes such as 
topoisomerases, protein kinases, and aromatases, thereby disrupting vital cellular signaling pathways[116]. 
Substitutions at the 3-, 4-, and 7-positions of the coumarin nucleus often enhance binding affinity to target 
proteins, improving selectivity and potency[117]. Furthermore, coumarins have demonstrated the ability to 
induce oxidative stress and mitochondrial dysfunction in cancer cells, leading to the activation of intrinsic 
apoptotic cascades[118]. Some derivatives, such as warfarin analogues and 7-hydroxycoumarins, also inhibit 
angiogenesis by suppressing vascular endothelial growth factor expression[119]. Their multitarget nature, low 
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toxicity, and favorable pharmacokinetic profiles make them promising scaffolds for developing novel 
chemotherapeutic and chemopreventive agents, particularly when combined with other pharmacophores in 
hybrid structures[120]. 

In addition to their anticancer potential, coumarin derivatives exhibit potent antibacterial activity against 
a wide range of Gram-positive and Gram-negative bacteria. Their antimicrobial efficacy is often associated 
with the presence of electron-donating[121] or electron-withdrawing[122] substituents that enhance lipophilicity 
and membrane permeability. Mechanistically, coumarins inhibit bacterial DNA gyrase and topoisomerase 
IV—enzymes crucial for DNA replication and transcription—resulting in cell cycle arrest and bacterial 
death[123]. Some coumarin derivatives also interfere with bacterial quorum sensing and biofilm formation, 
reducing pathogenicity and antibiotic resistance[124]. Natural coumarins such as umbelliferone and scopoletin, 
as well as synthetic analogues bearing halogen, nitro, or amino groups, have shown pronounced antibacterial 
effects even against multidrug-resistant strains[125]. The relatively low cytotoxicity of these compounds toward 
mammalian cells, combined with their broad antimicrobial spectrum, underscores their potential as lead 
molecules for next-generation antibacterial agents capable of overcoming current resistance challenges[126]. 

Antiviral and antifungal potential 
Coumarin derivatives have attracted considerable scientific attention for their broad-spectrum antiviral 

properties, which stem from their diverse structural modifications and ability to interfere with key stages of 
viral replication. Several natural and synthetic coumarins have been reported to inhibit the replication of RNA 
and DNA viruses, including Zika virus, Dengue virus, human immunodeficiency virus, and herpes simplex 
virus[127]. The antiviral activity of coumarins is often attributed to their capacity to modulate viral enzymes 
such as reverse transcriptase, protease, and helicase, or to disrupt host–virus interactions essential for viral 
propagation[128]. For instance, studies have shown that certain hydroxylated and prenylated coumarins can 
suppress viral RNA synthesis and reduce viral load in cell-based assays. SAR analyses highlight the 
importance of substitutions at the 7- and 8-positions of the coumarin ring, which can significantly influence 
lipophilicity, target binding, and overall antiviral potency[129]. Moreover, molecular docking and 3D 
quantitative SAR models have been used to design novel anti-Dengue and anti-Zika coumarins, offering a 
promising pathway for the development of selective and potent antiviral agents[130]. 

In addition to their antiviral effects, coumarin derivatives have demonstrated substantial antifungal 
activity against a wide range of pathogenic fungi. Natural coumarins isolated from plants such as 
Steganotaenia araliacea and Melilotus officinalis have shown inhibitory effects against Candida species, 
Trichophyton mentagrophytes, and Cryptococcus neoformans[131]. The antifungal mechanism of these 
compounds is believed to involve disruption of fungal cell membrane integrity, inhibition of ergosterol 
biosynthesis, and interference with mitochondrial oxidative processes. Structural modification of the coumarin 
nucleus, particularly through the introduction of halogen, methoxy, or glycosidic substituents, has been shown 
to enhance antifungal potency and selectivity[132]. Reduced glycoside-based coumarin derivatives, for example, 
exhibit strong inhibition of Candida albicans and Candida tropicalis, alongside moderate activity against 
Candida glabrata[133]. Furthermore, coumarin derivatives have been explored for their synergistic potential 
when combined with conventional antifungal drugs, leading to improved therapeutic outcomes and reduced 
resistance[134]. Recent computational and experimental studies also suggest that coumarins may act as inhibitors 
of matrix metalloproteinases, which could contribute to their antifungal efficacy and broaden their therapeutic 
scope[135]. 

Neuroprotective and cardiovascular effects 
Coumarin derivatives have attracted considerable attention for their neuroprotective potential, primarily 

due to their multifunctional mechanisms that address the complex pathophysiology of neurodegenerative 
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disorders such as Alzheimer’s (Figure 4), Parkinson’s (Figure 5), and Huntington’s (Figure 6) diseases. Their 
antioxidant, anti-inflammatory, and metal-chelating properties make them capable of mitigating oxidative 
stress and neuronal damage—two major hallmarks of neurodegeneration[136]. Several coumarin analogues have 
demonstrated the ability to inhibit acetylcholinesterase and butyrylcholinesterase, thereby enhancing 
cholinergic neurotransmission and improving cognitive performance[137]. Moreover, these compounds have 
shown the capacity to suppress neuroinflammatory mediators such as TNF-α and IL-6 through modulation of 
NF-κB and MAPK signaling pathways. In addition, certain substituted coumarins can chelate excess metal 
ions like Fe+2 and Cu+2, preventing metal-induced aggregation of amyloid-β peptides and neuronal 
apoptosis[138]. The neuroprotective efficacy of hybrid coumarins containing pharmacophores such as carbazole, 
indole, or triazole has also been reported, suggesting that rational structural modification can amplify their 
multi-target neurotherapeutic potential[139]. 

 

Figure 4. Pathology of Alzheimer's disease. 
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Figure 5. Symptoms of Parkinson's disease. 

 
Figure 6. Pathophysiological of Huntington's disease.  
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Beyond their neurological benefits, coumarin derivatives have demonstrated significant cardioprotective 
and vasoregulatory properties[140]. Their well-known anticoagulant activity, exemplified by warfarin and its 
analogues, operates through inhibition of vitamin K epoxide reductase, thereby modulating blood coagulation 
and reducing thrombotic risk[141]. In addition to anticoagulation, newer coumarin derivatives exhibit potent 
vasodilatory, antihypertensive, and antiarrhythmic effects, often linked to the modulation of nitric oxide 
pathways and calcium channel regulation[142]. Experimental studies have shown that certain hydroxy- and 
methoxy-substituted coumarins can reduce myocardial oxidative stress, inhibit lipid peroxidation, and enhance 
cardiac mitochondrial function, collectively contributing to improved cardiac performance and reduced 
ischemia–reperfusion injury[143]. Furthermore, coumarins with antioxidant and anti-inflammatory profiles have 
been found to protect endothelial integrity, suppress platelet aggregation, and prevent atherosclerotic plaque 
formation[144]. Collectively, these findings position coumarin derivatives as promising scaffolds for the 
development of multifunctional cardiovascular agents that combine anticoagulant, vasoprotective, and 
antioxidant properties for comprehensive cardiac care. 

6. Technological interfaces: Sensing, imaging, and delivery 
Pharmaceutical compounds can be designed not only to achieve specific therapeutic outcomes but also to 

serve diagnostic and monitoring purposes[145]. Some molecules can function as probes in cellular and tissue 
imaging systems or as sensors for biomolecules that act as disease indicators[146]. Another promising strategy 
involves engineering drugs capable of targeted delivery—directing their activity toward a specific organ or 
tissue—to maximize therapeutic efficacy while minimizing systemic side effects[147]. Incorporating stimuli-
responsive or triggering groups into these compounds enables them to be selectively activated at defined sites 
and times within the body, allowing precise spatial and temporal control over their pharmacological action[148]. 

Coumarin derivatives, in particular, possess intrinsic fluorescence properties, characterized by strong 
absorption and emission within the ultraviolet and visible light regions. This makes them excellent candidates 
for bioimaging applications. Their fluorescence can be modulated—often remaining weak under normal 
conditions but significantly enhanced upon interaction with specific biological targets—thus allowing selective 
visualization of disease-related processes[149]. Consequently, coumarin-based fluorophores have become 
widely used in the design of dyes and probes for cellular labeling and imaging[150]. These systems can 
selectively respond to biologically relevant analytes and exhibit superior photostability, high brightness, and 
minimal background fluorescence, enabling clear visualization of cell membranes, cytoplasm, and nuclei in 
complex biological environments[151]. 

Fluorescent probes and bioimaging 
Coumarin derivatives are widely recognized for their versatility as fluorescent probes. Their utility in 

bioimaging primarily stems from two fundamental photophysical characteristics: the inherent fluorescence of 
the coumarin core and the modulation of fluorescence intensity in response to specific stimuli[152]. Depending 
on the system, these probes function as either “turn-on” or “turn-off” sensors, where fluorescence enhancement 
or quenching occurs following interaction with a target molecule or chemical process. The observed 
fluorescence arises mainly from intramolecular charge transfer transitions within the coumarin framework[153]. 
In general, coumarin probes incorporating electron-withdrawing substituents at the 3-position exhibit reduced 
baseline fluorescence. Upon interaction with a specific analyte that suppresses the intramolecular charge 
transfer process, a marked increase in fluorescence intensity is observed[154]. 

Among the various sensing systems developed, turn-on fluorescent probes targeting thiol-containing 
biomolecules such as cysteine and homocysteine are particularly prominent[155]. These probes typically 
integrate three functional elements: a coumarin fluorophore bearing an electron-withdrawing group, an N-
acylhydrazone moiety serving as a thiol-reactive site, and a dye-silica nanocomposite platform for enhanced 
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sensing performance. When the N-acylhydrazone group reacts with cysteine or homocysteine, it cyclizes into 
a thiazolidine ring, effectively restoring fluorescence and imparting selectivity toward these biomolecules over 
glutathione[156]. Numerous variations on this molecular design have been reported to fine-tune sensitivity and 
selectivity across biological systems[157]. 

Beyond bioimaging, coumarins possess remarkable photophysical attributes that extend their applications 
into photodynamic and environmental domains[158]. Their high molar absorptivity in the UV–visible region 
and strong ability to quench singlet oxygen make them effective photoactive agents[159]. In photodynamic 
therapy and photocatalysis, coumarins contribute to the controlled removal of reactive oxygen species, thereby 
minimizing oxidative damage[160]. Furthermore, they serve as efficient photo-initiators in the synthesis of 
implantable polymeric materials, where their stability and photo-response are critical determinants of 
performance[161]. These multifaceted properties underscore the significance of coumarin-based systems in 
advancing both biomedical imaging and environmentally sustainable photochemical technologies[162]. 

Targeted delivery and prodrug strategies 
Targeted drug delivery and prodrug strategies involving coumarin derivatives have emerged as powerful 

tools in modern medicinal chemistry, aiming to enhance therapeutic precision, reduce systemic toxicity, and 
improve pharmacokinetic profiles[163]. The intrinsic fluorescence, structural tunability, and biocompatibility of 
the coumarin scaffold make it an ideal platform for designing smart delivery systems that respond to specific 
physiological or pathological stimuli[164]. These strategies often employ coumarin as both a pharmacophore 
and a molecular reporter, allowing simultaneous drug tracking and controlled release within biological 
environments[165]. 

In targeted delivery systems, coumarin derivatives are frequently conjugated to nanocarriers such as 
liposomes, polymeric nanoparticles, dendrimers, or silica-based systems[166]. These conjugates enable site-
specific accumulation through passive mechanisms like the enhanced permeability and retention effect or 
through active targeting via receptor-mediated recognition[167]. Coumarin-based linkers or fluorogenic moieties 
incorporated within these systems provide dual functionality: they enable real-time imaging of the delivery 
process and ensure drug release in response to triggers such as pH, enzymatic activity, or redox potential. This 
integrated theranostic approach bridges therapy and diagnosis, providing valuable insight into drug 
biodistribution and efficacy in vivo[168]. 

Prodrug strategies involving coumarins have also gained considerable attention. In these systems, 
coumarin acts as a bioreversible masking group that can undergo enzymatic or chemical transformation at the 
target site to release the active drug[169]. The coumarin moiety can mask functional groups that would otherwise 
hinder bioavailability or cause premature metabolism. For instance, coumarin-linked prodrugs of anticancer 
or anti-inflammatory agents remain pharmacologically inactive until enzymatic cleavage by esterases or 
reductases within tumor or inflamed tissues triggers active drug liberation[170]. The inherent fluorescence of 
coumarin further allows monitoring of prodrug activation in real time, offering a unique advantage over 
traditional prodrug systems[171]. 

Overall, targeted delivery and prodrug design using coumarin scaffolds represent a convergence of 
chemistry, biology, and nanotechnology. These strategies not only optimize therapeutic efficacy and minimize 
off-target effects but also introduce a diagnostic dimension to pharmacotherapy[172]. Continued advances in 
coumarin chemistry are expected to yield next-generation drug delivery systems capable of precise spatial and 
temporal control, contributing significantly to the evolution of personalized and image-guided medicine[173]. 

7. Computational and theoretical perspectives 
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Computational approaches, when integrated with chemical intuition and experimental data, play a central 
role in the rational design of novel compounds. These methods not only identify feasible synthetic pathways 
but also predict potential biological activities and underlying mechanisms of action[174]. Among them, 
molecular docking is widely employed to characterize the probable binding interactions between coumarin 
derivatives and their biological targets[175]. Complementing this, quantitative SAR analyses enable the 
estimation of biological activity for newly designed compounds by correlating structural descriptors with 
known activities from a training dataset[176]. Furthermore, the emergence of artificial intelligence and machine 
learning tools has greatly enhanced the capacity to model reaction mechanisms and forecast plausible products 
in multi-step synthetic sequences[177]. 

Molecular docking, in particular, provides valuable insight into how modified coumarins interact with 
biomolecular targets at the atomic level. Docking platforms such as DockingWorld Web servers are often used 
to simulate and visualize these interactions. Such studies have elucidated coumarin binding modes with diverse 
targets, including proteins involved in antioxidant processes (e.g., stereoisomers of 3-bromothioridazine), viral 
entry and replication (e.g., interactions of 3-coumarinic acid esters with SARS-CoV-2 proteins), and 
antimicrobial defense mechanisms (e.g., associations between 6-arylcoumarins and bacterial membrane 
sterols)[178]. Building on these findings, quantitative SAR models developed for several Latin American 
coumarin derivatives have successfully established correlations between molecular architecture and biological 
efficacy, offering a predictive framework for the future design of more potent and selective bioactive 
molecules[179]. 

 

Molecular docking and quantitative SAR 
SAR analysis and quantitative SAR modeling are essential computational tools in modern drug discovery. 

They facilitate the rational design and synthesis of novel bioactive molecules by correlating chemical structure 
with biological response and predicting molecular activity toward specific biological targets[180]. 
Complementary to these approaches, molecular docking provides a dynamic view of molecular recognition by 
simulating the interaction between ligands and their target macromolecules, thereby estimating binding 
affinities and identifying key residues involved in inhibition or activation[181]. Collectively, these 
computational methods streamline the design process, reduce experimental workload, and increase the 
likelihood of identifying promising lead compounds[182]. 

In the context of coumarin derivatives, such studies are instrumental in linking computational insights 
with practical synthesis. Typically, a curated set of coumarin analogues is docked against multiple receptors 
to establish correlations between structural features and biological activity. The computational outcomes not 
only help prioritize compounds for synthesis but also validate activity trends through comparison with 
experimental findings. The resulting pharmacophore models provide a conceptual framework for further in 
silico exploration and optimization[183]. Additionally, cost-effective quantitative SAR approaches—such as 
local regression surface modeling with shrinkage —enable the prediction of activity for newly designed 
analogues using established datasets[184]. When the 3D structure of the receptor’s active site is available, 
advanced methods like rapid expansion diffusion quantum mechanics/molecular mechanics docking, 
integrated with the all-atom AMBER force field, can be employed to achieve highly accurate interaction 
profiles and energetics, guiding the next generation of bioactive coumarin derivatives[185]. 

Mechanistic modeling and reaction prediction 
Density Functional Theory (DFT) provides a valuable computational framework for predicting chemical 

reactivity and elucidating plausible reaction mechanisms. By analyzing electronic density distributions, DFT-
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based methods can rationalize reaction pathways and forecast product outcomes with significant accuracy[186]. 
For example, computational modeling can effectively predict the course of nucleophilic additions, such as 
those involving thiols attacking substituted α,β-unsaturated carbonyl systems[187]. In one study, a series of novel 
(E)-6-benzylidene-3,4-dihydroquinolin-2(1H)-one derivatives were synthesized, and their formation 
mechanisms were explored using DFT calculations[188]. Theoretical predictions closely matched the 
experimentally observed products, confirming the reliability of the proposed mechanism. Transition-state 
analyses further clarified the energetic preferences governing each reaction pathway, revealing the most 
favorable route for product formation[189]. 

Similarly, DFT modeling can elucidate cycloaddition reactions between α,β-unsaturated carbonyl 
compounds and substituted 1-[2-(1,3-benzothiazol-2-yl)ethylidene]-1H-indole-2,3-dione via a [3+2] 
cycloaddition process[190]. Computational insights enable the prediction of possible regioselectivities, 
depending on the reactive centers and the stabilization of the resulting adducts[191]. In some cases, the reaction 
may exhibit a bias toward forming the less thermodynamically stable product when side reactions, such as 
mercaptan interference, become kinetically significant. This highlights the predictive power of DFT in 
understanding complex organic transformations and optimizing reaction conditions accordingly[192]. 

8. Safety, toxicology, and ethical considerations 
Safety considerations in the study and application of coumarin derivatives require a coordinated approach 

that integrates risk assessment and thorough toxicological characterization[193]. Naturally occurring coumarins 
are generally regarded as safe, and the use of plant-derived synthons in the synthesis of new derivatives further 
minimizes ecological impact. This is particularly true when hazardous reagents and organic solvents are 
replaced by environmentally benign alternatives[194]. Sustainability has therefore become a key design principle, 
especially in developing coumarin-based fluorescent probes for imaging and sensing applications[195]. 
Moreover, the same photophysical properties that make coumarins valuable as photodynamic therapy agents 
also necessitate careful evaluation of their phototoxic potential[196]. 

In line with modern ethical and regulatory standards, toxicological profiling and adherence to ethical 
guidelines are integral components of developing new bioactive coumarins. Reports describing their biological 
activity must include not only efficacy data but also detailed toxicity assessments—both for the compounds 
themselves and their potential metabolites[197]. Environmental implications related to their synthesis, 
application, and degradation should also be clearly addressed[198]. When coumarins are proposed as drug 
candidates, compliance with the “3Rs” principles—Replacement, Reduction, and Refinement—is essential. 
These guiding principles encourage minimizing animal testing through alternative experimental designs and 
prioritizing safer, more ethical research practices[199]. Furthermore, understanding the molecular mechanisms 
of coumarin activity can support the development of alternative therapeutic strategies, such as substituting 
antioxidant-based treatments when appropriate, thereby enhancing both safety and sustainability in coumarin 
research and development[200]. 

9. Conclusion 
Coumarins and their derivatives continue to represent a bridge between synthetic chemistry and biological 

innovation, embodying a versatile class of compounds with exceptional pharmacological, photophysical, and 
technological potential. Their benzopyran-2-one scaffold provides a chemically flexible platform that allows 
for targeted structural modifications, enabling the design of multifunctional molecules with applications 
ranging from therapeutics and diagnostics to materials science. Advances in synthetic methodologies—
including green chemistry protocols, catalytic transformations, and microwave-assisted reactions—have not 
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only streamlined coumarin production but also aligned it with the global shift toward sustainable and eco-
friendly chemical practices. 

The biological diversity of coumarins encompasses anticancer, antimicrobial, antiviral, antifungal, 
neuroprotective, and cardioprotective activities, all of which are closely related to their electronic configuration 
and substitution patterns. Computational tools such as molecular docking, quantitative SAR modeling, and 
DFT calculations have further enhanced understanding of their structure–function relationships, accelerating 
the rational design of potent and selective derivatives. Moreover, their intrinsic fluorescence has expanded 
their role into imaging, sensing, and photodynamic applications, offering a unique interface between biology 
and technology. Future research must continue integrating synthetic innovation with biological insight and 
computational prediction. A stronger emphasis on safety, ethical responsibility, and environmental stewardship 
could ensure that the next generation of coumarin-based compounds remains not only effective but also 
sustainable and ethically produced. By uniting advances in chemistry, biology, and data-driven modeling, 
coumarins stand poised to drive the next wave of progress in drug discovery, bioengineering, and applied 
chemical sciences, firmly establishing their status as privileged scaffolds at the interface of modern science 
and technology. 
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