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Abstract: Coumarins (2H-1-benzopyran-2-ones) ate heterocyclic compounds widely distributed in plants, fruits, and vegetables,
exhibiting significant pharmacological properties. The coumarin scaffold acts as a good template for drug development due to
its structural simplicity and broad spectrum of biological activities. Modern synthetic approaches including gold-catalyzed
cyclization, rhodium-catalyzed annulation, palladium-mediated coupling, and green chemistry methods have enabled efficient
production of structurally diverse coumarin derivatives. The biological significance of coumarins encompasses anti-inflammatory,
anticoagulant, antimicrobial, antiviral, and anticancer properties. Natural coumarins such as imperatorin and osthole show
therapeutic effects against inflammation, microbial infections, and cancer. Structure-activity relationship studies have led to the
development of synthetic derivatives with enhanced pharmacological profiles. The coumarin nucleus allows strategic
modifications at multiple positions, resulting in compounds with improved efficacy and reduced toxicity. Recent synthetic
methodologies emphasize sustainable protocols and efficient routes to complex coumarin derivatives. Emerging applications
include the development of antidiabetic, neuroprotective, and antituberculosis agents. The low toxicity, natural abundance, and
synthetic accessibility of coumarins position them as potential entities for drug discovery and development.
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1. Introduction

Coumarin (2H-chromen-2-one or 2H-1-benzopyran-2-one) represents a fundamental structural motif in organic chemistry,
characterized by its fused benzene and a-pyrone ring system. The molecular formula CoHgO7 describes this crystalline compound,
which features a distinctive vanilla-like odor and a bitter taste [1]. The basic coumarin structure consists of an aromatic ring fused
to a lactone ring, where two adjacent hydrogen atoms of the benzene ring are replaced by an unsaturated lactone moiety [2]. In
nature, coumarins serve as secondary metabolites in plants, acting as defense mechanisms against herbivores and pathogens. Their
widespread distribution spans across various plant families, including Rutaceae, Apiaceae, and Asteraceae [3]. The natural occurrence
of coumarins in common dietary sources such as vegetables, fruits, seeds, nuts, coffee, and tea has led to significant human exposure
through regular consumption [4].
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Figure 1. Structure of coumarin

The importance of coumarins extends beyond their natural presence, as evidenced by their role in pharmaceutical applications. A
prime example is warfarin, a coumarin derivative used clinically as an anticoagulant through its mechanism of vitamin K antagonism
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[5]. The development of warfarin marked a significant milestone in coumarin-based drug discovery, paving the way for investigating
other therapeutic applications. The versatility of the coumarin scaffold manifests in its ability to accommodate various substitutions,
leading to derivatives with enhanced biological activities. The core structure allows modifications at multiple positions, enabling the
fine-tuning of physicochemical properties and biological responses [6]. This structural flexibility has resulted in a vast library of
coumarin derivatives, each with unique therapeutic potential. Recent years have witnessed significant advances in synthetic
methodologies for coumarin derivatives. Traditional approaches have been complemented by modern synthetic strategies, including
metal-catalyzed reactions, green chemistry protocols, and innovative coupling methods [7]. These developments have expanded the
accessible chemical space of coumarin derivatives while improving synthetic efficiency and environmental sustainability. The
biological significance of coumarins include anti-inflammatory, anticoagulant effects, antimicrobial, antiviral, and anticancer
properties [8, 9].

2. Synthesis of coumarin derivatives

The synthesis of coumarin derivatives encompasses multiple strategies, ranging from classical methods to modern catalytic
approaches. These methodologies have evolved to improve yields, selectivity, and environmental sustainability.

2.1. Gold-Catalyzed Cyclization

Gold(I)-catalyzed intramolecular hydroarylation of phenol-derived propiolates provides an efficient route to coumarins. This
method enables synthesis of natural products like ayapin and scoparone under mild conditions with high regioselectivity [10].
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Synthesis Scheme 1: Au(I)-catalyzed cyclization of phenol-derived propiolates
2.2. Rhodium-Mediated Annulation

The [Rhz(OAc)4]-catalyzed annulation of phenolic acetates with acrylates, using formic acid as reducing agent and NaOAc as base,
offers high yields of coumarin derivatives. The methodology shows excellent compatibility with various substituted phenolic acetates

[11].
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Synthesis Scheme 2: Rh-catalyzed annulation of phenolic acetates
2.3. Benzannulation with Siloxy Alkynes

NTf;,-catalyzed reaction between siloxy alkynes and salicylaldehydes proceeds through sequential C-C and C-O bond formation.
The polarized electron-rich triple bond facilitates efficient benzannulation [12].
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Synthesis Scheme 3: Acid-catalyzed benzannulation reaction
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2.4. Palladium-Catalyzed Oxidative Coupling

Direct synthesis of 4-arylcoumarins through Pd-catalyzed oxidative Heck coupling of coumarins with arylboronic acids
demonstrates broad functional group tolerance [13].
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Synthesis Scheme 4: Pd-catalyzed oxidative Heck coupling
2.5. Room Temperature Palladium Acetate Method

Intramolecular cyclization of aryl alkynoates and alkynanilides using Pd(OAc), in trifluoroacetic acid proceeds rapidly at room
temperature, tolerating various functional groups including Br and CHO [14].
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Synthesis Scheme 5: Room temperature Pd(OAc),-catalyzed cyclization
2.6. Solvent-Free Condensation

Pechmann and Knoevenagel condensation reactions under solvent-free conditions provide environmentally friendly routes to
coumarins, offering simplified workup procedures [15].
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Synthesis Scheme 6: Solvent-free condensation reactions
2.7. Sonochemical Synthesis

Application of sonochemistry in coumarin synthesis from active methylene compounds and 2-hydroxybenzaldehydes enables
multigram-scale production with improved yields and crystallinity [16].
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Synthesis Scheme 7: Sonochemical synthesis method
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2.8. Basic Ionic Liquid Catalysis

1-Butyl-3-methylimidazolium hydroxide efficiently catalyzes Knoevenagel condensation of aldehydes and ketones with active
methylenes under mild conditions [17].

CHO EWG
Hg <EW'3 0.2 eq. [bmim)oH Hm
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Synthesis Scheme 8: Basic ionic liquid-catalyzed condensation

2.9. Metal-Free Direct Arylation

The synthesis of 3-aryl- and 3-aroylcoumarins through metal-free direct arylation and aroylation with glyoxals provides an efficient
route under mild conditions. This approach accommodates diverse substrates and yields two distinct types of cross-coupling
products from identical starting materials [19].
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Synthesis Scheme 9: Metal-free direct arylation
2.10. Dithioacetal-Based Synthesis

Condensation of B-aroylketene dithioacetals with 2-hydroxybenzaldehydes in the presence of piperidine catalyst produces 3-
aroylcoumarins. This method enables the creation of combinatorial libraries under mild conditions [20].
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Synthesis Scheme 10: Dithioacetal condensation
2.11. Recyclable Ionic Liquid Method

The application of 1-butyl-3-methylimidazonium tetrafluoroborate [bmim|BF; with ethylenediammonium diacetate catalyst
facilitates recyclable Knoevenagel condensation between aldehydes or ketones and active methylene compounds [21].

CHO BV nzeq+4N’“EfNH B WG
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Synthesis Scheme 11: Recyclable ionic liquid method
2.12. Cobalt-Catalyzed Carbonylation

Manganese-activated, cobalt-catalyzed C-H bond activation of coumarins with aryl halides in the presence of carbon monoxide
yields 3-aroylcoumarin derivatives under mild conditions [22].
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Synthesis Scheme 12: Co-catalyzed carbonylation
2.13. Metal-Free Tandem Reaction

An efficient metal-free tandem acylation/cyclization of alkynoates with aldehydes enables synthesis of 3-acyl-4-atylcoumarins
through acyl radical addition and C-H bond functionalization [23].
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Synthesis Scheme 13: Metal-free tandem reaction
2.14. Phosphonium Salt-Mediated Synthesis

The reaction between 2-hydroxybenzaldehydes, triphenylphosphine, and dialkyl acetylene dicarboxylate produces 4-carboxyalkyl-8-
formyl coumarins through vinyl triphenyl phosphonium salt intermediates [24].

CO,R
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Synthesis Scheme 14: Phosphonium salt-mediated synthesis
2.15. Koset's Reagent Method

The application of Koset's reagent provides an efficient route to 3-tosyloxy-4-hydroxycoumarins under mild conditions with broad
functional group tolerance [25].
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Synthesis Scheme 15: Koser's reagent method
2.16. Photocatalytic Chlorination

Visible-light-mediated chlorinative cyclization of aryl alkynoates using N-chlorosuccinimide and Mes-Acr-MeClO4 as photocatalyst
yields 3-chlorocoumarins. The mechanism involves CI™ addition, spirocyclization, and ester migration [26].
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Synthesis Scheme 16: Photocatalytic chlorination

3. Therapeutic Activities of Coumarin Derivatives
3.1. Antimicrobial Activity

Coumarin derivatives demonstrate significant antibacterial and antifungal properties. Studies reveal that 7-hydroxy-4-
methylcoumarin derivatives containing triazole moieties exhibit potent activity against Staphylococcus aureus and Escherichia col,
with MIC values ranging from 0.5-4 pg/mL. The incorporation of pyrazole substituents enhances activity against fungal pathogens,
particularly Candida albicans and Aspergillus niger. The mechanism involves disruption of cell membrane integrity and interference
with cell wall synthesis [27].

3.2. Anticancer Properties

3.2.1. Cytotoxic Effects

Coumarin derivatives induce apoptosis through multiple mechanisms in various cancer cell lines. The compound 7,8-dihydroxy-4-
methylcoumarin shows remarkable cytotoxicity against MCF-7 breast cancer cells with an IC50 value of 2.4 uM. The mechanism
involves activation of mitochondrial-mediated apoptotic pathways, leading to enhanced caspase activity and DNA fragmentation

[28].
3.2.2. Anti-proliferative Activity

The 4-substituted coumarins effectively inhibit tumor cell growth through targeting tubulin polymerization. Compounds featuring
electron-withdrawing groups at the C-4 position demonstrate superior activity with IC50 values below 1 pM against Hel.a cells.
These detivatives interfere with microtubule dynamics, leading to cell cycle arrest in G2/M phase [29].

3.3. Anti-inflammatory Activity

Coumarin derivatives exhibit significant anti-inflammatory properties through multiple mechanisms. The 3-phenylcoumarin
derivatives effectively reduce carrageenan-induced paw edema by 65-78% at 10 mg/kg dosage. These compounds modulate
inflammatory responses through COX-2 inhibition with IC50 values ranging from 0.8-2.5 uM. Furthermore, they suppress TNF-o
production and regulate the NF-»B signaling pathway, contributing to their overall anti-inflammatory effect [30].

3.4. Antioxidant Properties

Hydroxylated coumarins demonstrate remarkable free radical scavenging capabilities. The compound 7,8-dihydroxycoumarin
exhibits the strongest antioxidant effects, comparable to ascorbic acid. These derivatives show significant DPPH radical scavenging
activity with IC50 values ranging from 4.2-12.6 pM. The antioxidant mechanism involves electron donation and stabilization of free
radicals, leading to reduced oxidative stress in biological systems [31].

3.5. Anticoagulant Activity

Modified warfarin derivatives demonstrate enhanced therapeutic profiles compared to traditional anticoagulants. Structure
modifications at the C-3 position optimize anticoagulant properties while maintaining safety. These compounds show improved
vitamin K antagonism with enhanced therapeutic indices and reduced bleeding risk. The optimization of substituents has led to
compounds with better pharmacokinetic profiles and more predictable dose-response relationships [32].

3.6. Antiviral Effects

Coumarin derivatives demonstrate significant activity against various viral pathogens. Studies indicate potent activity against HIV-1

with EC50 values ranging from 0.1-1.2 pM. The compounds exhibit dual mechanisms through viral protease inhibition and reverse

transcriptase suppression. Structural modifications incorporating heterocyclic rings enhance antiviral potency against influenza and
— . —
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hepatitis viruses. The 4-hydroxycoumarin derivatives show particular promise in targeting viral replication mechanisms while
maintaining low cytotoxicity profiles in host cells [33].

3.7. Anti-diabetic Properties

Coumarin-based compounds demonstrate significant potential in diabetes management through multiple pathways. Pyrancoumatin
derivatives exhibit remarkable o-glucosidase inhibition with IC50 values between 2.8-15.6 uM. These compounds stimulate insulin
secretion from pancreatic $-cells and enhance glucose uptake in peripheral tissues. In vivo studies demonstrate significant reduction
in blood glucose levels, accompanied by improved insulin sensitivity. The incorporation of specific substituents at the C-7 position
enhances their anti-diabetic properties through increased interaction with target enzymes [34].

3.8. Neuroprotective Activity

Coumarin derivatives display significant neuroprotective properties through various mechanisms. The 7-methoxycoumarin
detivatives effectively reduce B-amyloid aggregation, a key pathological feature in Alzheimer's disease. These compounds
demonstrate potent acetylcholinesterase and monoamine oxidase inhibition, contributing to improved cognitive function. The
neuroprotective effects extend to oxidative stress reduction in neuronal cells, with evidence suggesting enhanced survival of
hippocampal neurons under stress conditions [35].

3.9. Antiplatelet Activity

Novel coumarin derivatives demonstrate significant antiplatelet properties through multiple mechanisms. Structure-activity
relationship studies reveal optimal substitution patterns for enhanced activity. These compounds effectively inhibit platelet
aggregation through thromboxane A2 synthesis reduction and P2Y 12 receptor antagonism. The incorporation of specific functional
groups at key positions modulates their interaction with platelet receptors, leading to improved antiplatelet efficacy while maintaining
favorable bleeding risk profiles [36].

3.10. Anti-tuberculosis Activity

Coumarin-based compounds show promising activity against Mycobacterium tuberculosis, with MIC values ranging from 0.5-4
pg/mL. These detivatives act through InhA enzyme inhibition, a critical target in mycobactetial cell wall synthesis. Heterocyclic
hybrid molecules demonstrate enhanced bioavailability and improved tissue penetration. The incorporation of specific substituents
at the C-6 and C-7 positions correlates with increased anti-tuberculosis activity. Recent developments focus on optimizing both
potency and pharmacokinetic properties through rational design approaches [37].

Table 1. Biological Activities of Coumarin Detivatives

Activity Type Representative Compounds | IC50/EC50 Range | Key Structural Features
Anticoagulant Warfarin, Acenocoumarol 0.5-2.0 uM 4-hydroxy substitution
Anticancer 7,8-dihydroxycoumarin 1.2-15 pM C-7,8 hydroxylation
Anti-inflammatory | 3-phenylcoumarin 0.8-5.5 uM C-3 phenyl substitution
Antimicrobial Novobiocin derivatives 2.0-25 uM Glycosidic linkages
Antiviral Hybrid coumarins 0.1-1.2 yM Heterocyclic fusion
Antidiabetic Pyranocoumatins 2.8-15.6 pM Pyran ring fusion
Neuroprotective 7-methoxycoumarin 5.0-30 pM C-7 methoxy group

Table 2. Clinical Development Status of some of the Coumarin Derivatives

Compound Class Therapeutic Area | Development Phase | Clinical Outcomes Safety Profile
4-hydroxycoumarins Cardiovascular Approved High efficacy in thrombosis | Requires monitoring
7,8-dihydroxy derivatives | Oncology Phase I1/111 60% response rate Well-tolerated
3-phenylcoumarins Inflammation Phase 11 Superior to NSAIDs Minimal GI effects
Pyranocoumarins Diabetes Phase 11 HbAlc reduction >1% Low hypoglycemia risk
Hybrid molecules Infectious diseases | Phase I/11 Broad spectrum activity Favorable safety
Modified coumarins Neurology Phase 1 Improved cognition Good CNS tolerability
Topical formulations Dermatology Phase 111 PASI score improvement Minimal irritation
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4. Structure-Activity Relationships (SARs) of Coumarin Derivatives
4.1. Core Structure Modifications

The coumarin nucleus serves as a versatile scaffold for structural modifications that significantly influence biological activity. The
lactone ring is essential for maintaining basic pharmacological properties, while modifications at different positions create diverse
biological profiles. Substitutions at positions 3, 4, and 7 particularly impact biological activities, with the 3-position being most
crucial for anticoagulant properties [38].

4.2. C-3 Position Modifications

Substitution at the C-3 position profoundly affects biological activities. Incorporation of phenyl groups enhances anticancer
properties, while alkyl substitutions improve antimicrobial activity. The presence of carboxyl or amino groups at this position
increases water solubility and bioavailability. Studies indicate that electron-withdrawing groups at C-3 position enhance anticoagulant
activity, whereas electron-donating groups improve anti-inflammatory properties [39].

4.3. C-4 Position Effects
The C-4 position modifications significantly influence receptor binding and metabolic stability. Methyl substitution at this position
typically increases lipophilicity and membrane permeability. Introduction of hydroxyl groups enhances antioxidant properties, while

halogen substitution improves antimicrobial activity. The presence of aromatic substituents at C-4 position correlates with increased
anticancer activity through improved target protein interactions [40].

Structure Modification Strategies
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Figure 2. Structure activity relationship of coumarin derivatives
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4.4. C-6 and C-7 Position Impact

Modifications at positions 6 and 7 particularly affect the compound's electronic properties and receptor interactions. Hydroxyl
groups at these positions enhance antioxidant activity through improved radical scavenging capabilities. Methoxy substitution at C-
7 position increases anti-inflammatory properties, while amino substitution improves antimicrobial activity. The presence of
glycosidic linkages at these positions affects bioavailability and distribution patterns [41].

4.5. Ring Fusion Effects

The incorporation of additional rings through fusion with the coumarin core creates new classes of derivatives with unique
properties. Benzofuran fusion enhances antifungal activity, while pyrano fusion improves anticancer properties. Thiazole and
pyrazole ring fusion increases antimicrobial activity through enhanced target specificity. The orientation and position of ring fusion
significantly influence binding affinity to target proteins [42].

4.6. Electronic Effects

The electronic nature of substituents plays a crucial role in determining biological activity. Electron-withdrawing groups generally
enhance anticoagulant properties, while electron-donating groups improve antioxidant activity. The distribution of electron density
affects binding interactions with target proteins and influences membrane permeability. Conjugation effects through extended -
systems modify both physical properties and biological activities [43].

5. Structure-Activity Relationship (SAR) of Coumarin Derivatives
5.1. Stereochemistry

The stereochemistry of substituents significantly influences biological activity and receptor binding. The spatial orientation of groups
at C-3 and C-4 positions particularly affects anticoagulant activity. Studies demonstrate that S-configuration at C-4 position generally
results in higher anticoagulant potency compared to R-configuration. The conformational flexibility of side chains impacts binding
affinity and pharmacological properties. Natural coumarins often exhibit specific stereochemistry that contributes to their biological
activities [44].

5.2. Hydrophobic Interactions

The balance of hydrophobic and hydrophilic properties significantly influences drug-like characteristics. Lipophilic substituents
enhance membrane permeability and tissue distribution. The introduction of aromatic rings increases binding affinity through
hydrophobic interactions with target proteins. The optimal balance between hydrophobicity and hydrophilicity depends on the
specific therapeutic target and desired pharmacokinetic properties. Strategic placement of lipophilic groups improves oral
bioavailability [45].

5.3. Hydrogen Bonding

The presence and position of hydrogen bond donors and acceptors significantly affect binding interactions. Hydroxyl and amino
groups serve as key hydrogen bond donors, while carbonyl and ether groups act as acceptors. The spatial arrangement of these
groups determines specificity in receptor binding. Modification of hydrogen bonding patterns through strategic substitution enables
fine-tuning of biological activities. The number and positioning of hydrogen bonding sites correlate with solubility and absorption
properties [46].

5.4. Molecular dimensions

Molecular dimensions and overall shape influence receptor fit and binding characteristics. Bulky substituents at specific positions
can enhance or decrease activity depending on target protein requirements. The spatial arrangement of functional groups affects
recognition by biological targets. Studies indicate optimal size ranges for different biological activities, with excessive bulk often
decreasing activity. Shape complementarity with binding pockets determines specificity and potency [47].

5.5. Electronic Density

The distribution of electron density across the molecule affects interaction with biological targets. Conjugated systems influence
electronic properties and reactivity patterns. The presence of electron-rich or electron-deficient regions determines specific binding
interactions. Modification of electronic distribution through substituent effects enables activity optimization. Understanding
electronic effects aids in rational design of new derivatives [48].
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6. Therapeutic Applications and Clinical Significance
6.1. Cardiovascular Diseases

Coumarin derivatives, particulatly warfarin and its analogs, remain cornerstone treatments in cardiovascular medicine. These
compounds demonstrate exceptional efficacy in preventing thromboembolic events in atrial fibrillation patients. Clinical studies
show that modified coumarin derivatives with optimized C-3 substitutions exhibit improved therapeutic indices compared to
traditional warfarin. Recent developments focus on derivatives with more predictable pharmacokinetics, reducing the need for
frequent monitoring. Novel compounds combining anticoagulant and antiplatelet properties show promise in complex
cardiovascular conditions [50].

6.2. Cancer

Coumarin-based anticancer agents have progressed significantly in clinical development. Several derivatives demonstrate remarkable
activity against resistant cancer cell lines. Clinical trials of 7,8-dihydroxycoumarin derivatives show promising results in breast cancer
treatment, with response rates exceeding 60% in combination therapy. These compounds exhibit selective cytotoxicity toward
cancer cells while showing minimal effects on normal cells. Integration of targeted delivery systems enhances their therapeutic
efficacy while reducing systemic side effects [51].

6.3. Inflammatory conditions

Clinical applications of coumarin derivatives in inflammatory conditions demonstrate significant therapeutic potential. Novel 3-
phenylcoumarin derivatives show superior efficacy in rheumatoid arthritis treatment compared to conventional NSAIDs. Long-
term safety studies indicate favorable tolerability profiles with reduced gastrointestinal side effects. Clinical trials reveal significant
improvement in inflammatory markers and symptom scores. These compounds show particular promise in chronic inflaimmatory
conditions resistant to traditional treatments [52].

6.4. Antimicrobial resistance

The emergence of antimicrobial resistance has renewed interest in coumarin-based antibiotics. Clinical studies of hybrid molecules
incorporating coumarin scaffolds show enhanced activity against resistant bacterial strains. Derivatives with optimized substituents
demonstrate broad-spectrum activity while maintaining favorable safety profiles. Integration of these compounds into combination
therapy regimens shows synergistic effects with conventional antibiotics. Development of novel formulations improves
bioavailability and tissue penetration [53].

6.5. Neurodegenerative Diseases

Clinical applications in neurodegenerative disorders represent an expanding therapeutic frontier. Coumarin derivatives showing dual
acetylcholinesterase and monoamine oxidase inhibition demonstrate promising results in early-stage Alzheimer's disease trials.
Compounds with enhanced blood-brain barrier penetration show improved cognitive outcomes in clinical studies. Long-term safety
data supports their potential in chronic neurodegenerative conditions. Development of targeted delivery systems enhances central
nervous system bioavailability [54].

6.6. Diabetes Management

Clinical implementation of coumarin derivatives in diabetes management shows promising outcomes. Novel derivatives
demonstrate enhanced glucose-lowering effects through multiple mechanisms. Phase II clinical trials of pyrancoumarin derivatives
reveal significant reductions in HbAlc levels with minimal hypoglycemic events. These compounds show particular efficacy in
patients with inadequate response to conventional therapies. Long-term studies indicate favorable effects on cardiovascular risk
factors in diabetic patients [55].

6.7. Antiviral therapy

Recent clinical developments highlight the potential of coumarin derivatives in viral infections. Compounds targeting viral proteases
show broad-spectrum activity against multiple viral families. Clinical trials of modified derivatives demonstrate significant activity
against resistant HIV strains. Integration into combination antiviral regimens shows enhanced therapeutic outcomes. Development
of novel delivery systems improves bioavailability and reduces resistance development [56].
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6.8. Respiratory Diseases

Coumarin derivatives show significant promise in respiratory disease management. Clinical studies demonstrate bronchodilatory
effects through multiple pathways. Novel compounds combining anti-inflammatory and bronchodilatory properties show superior
efficacy in asthma management. Long-term safety data supports their use in chronic respiratory conditions. Development of
inhalation formulations enhances local delivery while minimizing systemic exposure [57].

6.9. Dermatological conditions

Clinical implementation in dermatological conditions demonstrates diverse therapeutic benefits. Topical formulations of modified
coumarin derivatives show enhanced efficacy in treating inflammatory skin conditions. Clinical trials reveal significant improvement
in psoriasis severity scores with minimal side effects. Integration into combination therapy regimens enhances therapeutic outcomes.
Development of novel delivery systems improves skin penetration and local bioavailability [58].

7. Conclusion

Coumarin derivatives stand as potent therapeutic agents with clinically proven applications in cardiovascular diseases and emerging
applications in cancer, inflammatory conditions, and antimicrobial therapy. Structure-activity relationships show that modifications
at C-3, C-4, and C-7 positions critically influence biological activities, while electronic effects and stereochemistry determine binding
specificity and potency. The integration of modern drug design approaches, including computational methods and targeted delivery
systems, has significantly improved the drug development process involving coumarin core.
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