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Abstract : Drug design is an interdisciplinary field that combines organic chemistry, medicinal
chemistry, molecular biology, pharmacology, computational chemistry, and biotechnology to develop
new therapeutic agents. Organic chemistry plays a central role in drug discovery because the biological
activity, selectivity, stability, solubility, and pharmacokinetic properties of drug molecules are strongly
influenced by their chemical structures. In recent years, significant advances in drug design have emerged
through the integration of modern synthetic organic chemistry with computer-aided drug design, artificial
intelligence (Al), fragment-based drug discovery, covalent drug design, molecular docking, structure-
based drug design, and targeted chemical modification.

The development of new synthetic methods has enabled medicinal chemists to rapidly construct
structurally diverse molecules and optimize their biological properties. Fragment-based drug design has
become an important strategy for identifying small molecular fragments that can be developed into potent
drug candidates. Computational and Al-based methods are increasingly being used to predict molecular
interactions, identify potential drug targets, generate new chemical structures, and optimize lead
compounds. Recent research has also expanded drug discovery toward previously difficult or
“undruggable” targets. Covalent drug design is one important strategy in this area because carefully
designed electrophilic groups can form selective covalent interactions with target proteins.

The increasing integration of organic synthesis, computational chemistry, and biological sciences has
accelerated the discovery of innovative therapeutic molecules. In 2024, the U.S. Food and Drug
Administration's Center for Drug Evaluation and Research approved 50 novel drugs, demonstrating the
continuing progress of modern drug discovery and development. This review discusses important recent
advances in drug design using organic chemistry, their applications, advantages, limitations, and future
prospects.
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1. Introduction

Drug discovery is the process of identifying and developing chemical or biological substances that can
prevent, diagnose, or treat disease. Historically, many medicines were discovered through the isolation of
active compounds from natural sources or through accidental observations of biological activity. Modern
drug discovery, however, increasingly relies on rational design and systematic optimization of chemical
structures.

Organic chemistry is fundamental to this process because most small-molecule drugs consist primarily of
carbon, hydrogen, oxygen, nitrogen, sulfur, phosphorus, and halogen atoms arranged into specific
molecular frameworks. Small structural modifications can produce substantial changes in biological
activity, selectivity, toxicity, solubility, metabolism, and pharmacokinetic properties.
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Medicinal chemistry applies principles of organic chemistry to the design, synthesis, and optimization of
biologically active molecules. A typical drug discovery program involves target identification, hit
identification, lead generation, lead optimization, preclinical testing, clinical trials, and regulatory
approval.

Modern drug design has changed considerably because of advances in structural biology, computational
chemistry, high-throughput screening, molecular modeling, and artificial intelligence. Computer-aided
approaches can help researchers predict how a molecule interacts with a biological target before it is
synthesized. Al and machine learning are now being investigated for molecular generation, activity
prediction, virtual screening, and optimization. Recent research has particularly emphasized Al-assisted
structure-based drug discovery and the design of molecules with novel chemical scaffolds.

At the same time, modern organic synthesis has expanded the chemical space accessible to medicinal
chemists. New catalytic reactions, late-stage functionalization, cross-coupling reactions, photochemical
methods, and other synthetic techniques allow researchers to modify complex molecules efficiently.

Therefore, the future of drug design depends increasingly on the integration of organic chemistry with
computational and biological technologies.

2. Objectives of the Review
The major objectives of this review are:

To explain the role of organic chemistry in modern drug design.

To describe important advances in medicinal chemistry and drug discovery.
To discuss structure-based and ligand-based drug design.

To examine the contribution of computer-aided drug design.

To discuss artificial intelligence and machine learning in drug discovery.
To explain fragment-based drug discovery.

To describe the development of covalent drugs.

To discuss strategies for targeting previously difficult biological targets.

To examine the importance of modern synthetic organic chemistry.

0.  Toidentify current challenges and future opportunities in drug design.

HBOo~NooaMrwLNE

3. Literature Review

The development of medicinal chemistry has progressed from empirical screening toward rational and
computational approaches. Traditional drug discovery depended heavily on natural products, random
screening, and chemical modification. Modern approaches combine biological target information with
detailed knowledge of molecular structure.

Structure-based drug design became particularly important following advances in X-ray crystallography,
nuclear magnetic resonance spectroscopy, cryo-electron microscopy, and computational molecular
modeling. These technologies provide information about the three-dimensional structure of proteins and
their interactions with small molecules.

Fragment-based drug discovery has also developed into an important complementary approach to
conventional high-throughput screening. Rather than screening very large drug-like molecules, fragment-
based methods identify smaller chemical fragments that bind weakly to a biological target. These
fragments can subsequently be optimized by growing, linking, or merging chemical structures. A 2025
review describes fragment-based drug design as an established strategy that has contributed to the
discovery of approved medicines and is increasingly being applied to difficult targets.

Artificial intelligence and machine learning have introduced another major development. Al systems can
analyze large chemical and biological datasets and identify relationships between molecular structure and
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biological activity. Recent research has investigated Al-generated molecules and methods for assessing
whether such molecules provide genuinely novel chemical structures.

Another major development is targeted covalent drug design. Covalent drugs are designed to form a
chemical bond with a biological target, often producing prolonged target engagement. Modern
approaches attempt to control both reactivity and selectivity so that covalent modification occurs
preferentially at the intended biological site. Recent reviews have highlighted covalent chemistry as a
promising strategy for addressing historically difficult targets.

4. Role of Organic Chemistry in Drug Design

Organic chemistry provides the molecular foundation of most small-molecule medicines. It is involved in
practically every stage of drug development.

4.1 Molecular Structure and Biological Activity
The biological activity of a drug depends strongly on its molecular structure. Functional groups influence
hydrogen bonding, ionic interactions, hydrophobic interactions, molecular conformation, and binding

affinity.

For example, functional groups such as hydroxyl, amino, carboxylic acid, amide, ester, ether,
sulfonamide, and heterocyclic groups can substantially affect the properties of a drug molecule.

Medicinal chemists systematically modify these functional groups to improve potency and selectivity
while reducing toxicity.

4.2 Structure—Activity Relationships

Structure—activity relationship (SAR) studies investigate how chemical modifications affect biological
activity.

A typical SAR program may involve:
Initial hit — structural modification — biological testing — SAR analysis — lead optimization

Changes may include:

. Addition or removal of functional groups

. Substitution of aromatic rings

. Modification of heterocycles

. Changes in stereochemistry

. Alteration of alkyl chains

. Bioisosteric replacement

. Modification of hydrogen-bond donors and acceptors

SAR analysis remains one of the most important tools in medicinal chemistry.
5. Structure-Based Drug Design

Structure-based drug design (SBDD) uses information about the three-dimensional structure of a
biological target.

The target is commonly a protein such as an enzyme, receptor, ion channel, or signaling protein.

The general process is:
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Target identification — Protein structure determination — Binding-site analysis — Virtual
screening — Molecular docking — Lead optimization

Molecular docking predicts possible orientations of a ligand within a binding site. Computational scoring
methods are then used to estimate the strength of ligand—target interactions.

SBDD can reduce the number of compounds that must be synthesized and experimentally tested.

Recent computational approaches are increasingly being applied to challenging targets that lack
conventional drug-binding pockets. A 2025 Chemical Reviews article describes advances involving
computational simulation and Al for targets historically considered difficult to drug.

6. Ligand-Based Drug Design

Ligand-based drug design is used when structural information about the target is unavailable or
insufficient but active molecules are known.

Researchers analyze the chemical and biological properties of known ligands to identify structural
features responsible for activity.

Important approaches include:

. Pharmacophore modeling

. Quantitative structure—activity relationship (QSAR)
. Molecular similarity searching

. Machine-learning models

. Virtual screening

A pharmacophore represents the essential spatial arrangement of chemical features required for biological
activity.

For example, a pharmacophore may contain:

. Hydrogen-bond donor

. Hydrogen-bond acceptor

. Aromatic region

. Hydrophobic region

. Positively or negatively ionizable group

Ligand-based approaches are especially useful during lead identification and optimization.
7. Computer-Aided Drug Design

Computer-aided drug design (CADD) has become an important component of modern medicinal
chemistry.

CADD methods include:

7.1 Molecular Docking

Docking predicts how a small molecule may bind to a biological target.
7.2 Molecular Dynamics

Molecular dynamics simulations investigate how molecules and proteins behave over time.
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7.3 QSAR

QSAR models establish relationships between chemical descriptors and biological activity.
7.4 Virtual Screening

Large chemical libraries can be computationally screened before experimental testing.

7.5 Molecular Modeling

Three-dimensional molecular models can help researchers understand molecular interactions and
optimize compounds.

These approaches can reduce the cost and time associated with experimental screening.
8. Artificial Intelligence in Drug Design
Artificial intelligence has become one of the most rapidly developing areas of modern drug discovery.

Al and machine-learning systems can process large datasets containing:

. Molecular structures

. Biological activity

. Protein sequences

. Protein structures

. Toxicological information
. Pharmacokinetic data

. Chemical reactions

Al can assist in predicting molecular activity, generating candidate structures, identifying targets, and
optimizing lead compounds.

Recent research has examined Al-designed molecules and emphasized the importance of evaluating both
biological activity and structural novelty.

Al has also been integrated with structure-based approaches. Recent work has explored Al and machine
learning for identifying allosteric binding sites and developing allosteric modulators.

However, Al does not eliminate the need for experimental chemistry. Predicted molecules must still be
synthesized, characterized, and biologically evaluated.

9. Fragment-Based Drug Discovery

Fragment-based drug discovery (FBDD) involves screening small chemical fragments against biological
targets.

Fragments usually have relatively low molecular weight and may bind weakly to a target. Although their
individual binding affinity can be low, fragments can provide efficient starting points for optimization.
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The major stages include:

Fragment library preparation — Fragment screening — Hit identification — Structural analysis
— Fragment optimization — Lead generation

Common optimization strategies include:

Fragment Growing

Additional chemical groups are added to improve interactions with the target.
Fragment Linking

Two fragments that bind at neighboring sites may be chemically connected.
Fragment Merging

Structural features from different fragments may be combined into one molecule.

FBDD has evolved significantly through the use of structural biology and computational chemistry and is
now being explored for challenging proteins and other biomolecular targets.

10. Covalent Drug Design
Covalent drug design is another important area of modern medicinal chemistry.

A covalent drug contains a reactive chemical group that can form a covalent bond with a suitable
nucleophilic residue in a biological target.

Common nucleophilic residues include:

. Cysteine
. Lysine
. Serine
. Tyrosine

The design challenge is to achieve sufficient chemical reactivity while maintaining biological selectivity.

Covalent inhibitors can provide prolonged target engagement and may be particularly useful when
conventional reversible binding is insufficient.

Modern research has expanded covalent chemistry toward difficult biological targets and new therapeutic
applications.

Recent research also highlights the growing role of computational and Al approaches in covalent drug
discovery.
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11. Targeting Previously “Undruggable” Proteins

Some biological targets have historically been considered “undruggable” because they lack suitable
binding pockets or possess highly dynamic structures.

Examples include certain:

. Protein—protein interactions
. Transcription factors

. Regulatory proteins

. RNA-associated targets

New strategies include:

. Allosteric modulation

. Covalent modification

. Molecular glues

. Protein degraders

. Fragment-based approaches

. Al-assisted drug design

Computer-aided methods and artificial intelligence are increasingly being investigated to identify
opportunities for targeting these difficult biological systems.

12. Modern Synthetic Organic Chemistry in Drug Discovery

The success of drug design depends not only on identifying promising molecules but also on being able
to synthesize them efficiently.

Modern organic chemistry provides many tools for rapidly producing structurally diverse molecules.
Important synthetic approaches include:
12.1 Cross-Coupling Reactions

Reactions such as Suzuki, Heck, and Buchwald—-Hartwig coupling are widely used to construct carbon—
carbon and carbon—heteroatom bonds.

12.2 Photochemical Synthesis
Light-driven reactions provide alternative methods for constructing complex organic molecules.
12.3 Transition-Metal Catalysis

Catalysts based on palladium, copper, nickel, iron, and other metals facilitate difficult chemical
transformations.

12.4 Late-Stage Functionalization

Late-stage functionalization allows medicinal chemists to modify complex molecules near the end of a
synthetic sequence.

This is particularly useful for rapidly generating analogues during SAR studies.
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12.5 Green Organic Synthesis

Green chemistry seeks to reduce waste, hazardous reagents, energy consumption, and environmental
impact.

Greener synthesis is increasingly important in pharmaceutical research and manufacturing.
13. Natural Products in Modern Drug Design
Natural products have historically played a major role in drug discovery.

Plants, microorganisms, marine organisms, and other biological sources produce structurally diverse
molecules.

Important drug classes derived from or inspired by natural products include compounds with:

. Antibacterial activity

. Anticancer activity

. Antimalarial activity

. Anti-inflammatory activity
. Immunosuppressive activity

Organic chemistry allows natural products to be modified to improve their potency, stability, selectivity,
and pharmacokinetic properties.

Natural-product-inspired synthesis therefore remains an important source of chemical diversity.
14. Green Chemistry and Sustainable Drug Design

Pharmaceutical synthesis can involve large quantities of solvents, reagents, catalysts, and energy.
Green chemistry aims to make chemical synthesis more sustainable.

Important principles include:

Prevention of waste

Atom economy

Less hazardous chemical synthesis

Safer solvents

Energy efficiency

Renewable feedstocks

Catalysis

Reduction of unnecessary synthetic steps

NG~ WNE

In medicinal chemistry, green approaches can improve both environmental sustainability and process
efficiency.

15. Recent Examples and Impact on Drug Discovery

The progress of modern drug design can be seen in the increasing number of new therapeutic agents
reaching patients.

The FDA reported 50 novel drug approvals in 2024, covering a wide range of diseases. Among these,
26 were approved for rare diseases, illustrating the increasing focus on specialized and previously
underserved medical conditions.
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The 2024 approvals included medicines for cancer, genetic disorders, neurological disease, infectious
disease, cardiovascular disease, and other conditions. These developments demonstrate how modern
chemistry and drug discovery technologies can translate molecular research into clinically useful
therapies.

16. Advantages of Modern Drug Design

Modern approaches provide several advantages:

. Faster identification of potential drug candidates

. Reduced experimental screening requirements

. Improved understanding of molecular interactions

. More efficient lead optimization

. Ability to explore large chemical libraries

. Improved prediction of biological activity

. Discovery of novel chemical scaffolds

. Better targeting of difficult proteins

. Integration of computational and experimental methods

The combination of organic chemistry and computational approaches can therefore increase the
efficiency of drug discovery.

17. Limitations and Challenges
Despite significant progress, drug discovery remains difficult.
17.1 Biological Complexity

Human biological systems contain numerous interacting pathways, making it difficult to predict clinical
responses from molecular data alone.

17.2 Drug Resistance

Pathogens and cancer cells can develop resistance through mutations and biological adaptation.
17.3 Toxicity

A compound with high potency may still fail because of toxicity or undesirable off-target effects.
17.4 Pharmacokinetic Problems

Poor absorption, rapid metabolism, inadequate distribution, or rapid elimination can prevent promising
molecules from becoming medicines.

17.5 Al Limitations

Al models depend on the quality and diversity of their training data. They may generate molecules that
are predicted to be active but are difficult to synthesize or experimentally ineffective.

Recent research has specifically highlighted the importance of evaluating structural novelty in Al-
designed compounds and avoiding excessive similarity to molecules already present in training datasets.

17.6 High Development Cost

Drug development requires substantial financial investment and many candidate molecules fail during
clinical development.
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18. Future Perspectives
The future of drug design will increasingly involve interdisciplinary integration.

Organic chemistry will remain essential because computational predictions must ultimately be translated
into real chemical compounds.

Future developments are likely to include:

. Al-assisted molecular generation

. Automated chemical synthesis

. Improved protein structure prediction

. Advanced molecular dynamics

. New covalent drug strategies

. Expansion of fragment-based discovery
. RNA-targeted small molecules

. Protein degradation technologies

. Molecular glues

. Personalized medicine

. Green pharmaceutical synthesis

. Automated design—make—test-analyze cycles

The combination of Al, structural biology, organic synthesis, and medicinal chemistry may enable
researchers to explore chemical spaces that were previously difficult to investigate.

19. Conclusion

Organic chemistry remains one of the fundamental sciences underlying modern drug design. Advances in
synthetic chemistry have made it possible to construct increasingly complex and diverse molecules, while
medicinal chemistry provides the principles needed to optimize their biological properties.

Modern drug discovery has moved beyond traditional screening toward integrated approaches involving
structure-based drug design, ligand-based drug design, molecular docking, fragment-based drug
discovery, artificial intelligence, covalent chemistry, and advanced synthetic methods.

Al and computational technologies are changing how researchers identify and optimize potential drug
molecules, while fragment-based and covalent approaches are expanding the range of biological targets
that can be addressed. Recent research has particularly emphasized the possibility of developing
medicines against historically difficult or “undruggable” targets.

Nevertheless, computational predictions cannot replace experimental organic synthesis and biological
testing. Successful drug discovery requires continuous interaction between computational predictions,
chemical synthesis, biological evaluation, pharmacology, and clinical research.

Overall, the integration of organic chemistry with modern computational and biological technologies
represents one of the most promising directions in pharmaceutical research. Continued development of
sustainable synthesis, Al-assisted molecular design, targeted covalent chemistry, fragment-based
methods, and precision medicine is expected to contribute significantly to the discovery of safer, more
selective, and more effective therapeutic agents.
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