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Abstract: The rapid development of new chemical entities has led to increasing environmental concerns
due to the harsh synthetic methods employed in their production. These challenges highlight the necessity of
green chemistry, which promotes sustainable and environmentally friendly approaches to drug synthesis.
Also referred to as sustainable chemistry, this field emphasizes methods that optimize energy efficiency,
reduce waste generation, and utilize renewable resources. Various green synthesis techniques, such as
microwave-assisted synthesis, solvent-free synthesis, and sonochemical synthesis, offer eco-friendly
alternatives while maintaining high efficiency. This review provides an overview of these green synthetic
approaches, discussing their advantages and limitations to support the advancement of sustainable drug
development.
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L. INTRODUCTION
1.1 Green Chemistry
Green chemistry, also known as sustainable chemistry, focuses on designing chemical products and processes that
minimize or eliminate the generation of hazardous substances [1]. The concept of sustainability ensures that methods
and processes support long-term environmental productivity, enabling future generations to thrive [2].
"Sustainable development" is defined as meeting the needs of the present generation without compromising the ability
of future generations to meet their own needs. Green chemistry plays a crucial role in achieving this goal by
emphasizing safety, energy efficiency, and waste minimization. The use of catalytic technologies helps improve
efficiency in resource utilization while reducing environmental impact.

1.2 Twelve Principles of Green Chemistry
Paul Anastas, the Father of Green Chemistry, established twelve guiding principles to help develop greener synthetic
methods [3]:

Principle Principle

1. Prevent waste 7. Use renewable feedstocks

2. Maximize atom economy 8. Avoid chemical derivatives

3. Design less hazardous syntheses 9. Use catalysts, not stoichiometric reagents
4. Design safer chemicals 10. Design products to degrade after use

5. Use safer solvents and reaction conditions 11. Analyze in real time to prevent pollution
6. Increase energy efficiency 12. Minimize the potential for accidents
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1.3 Green Solvents

Solvent selection significantly impacts the environmental footprint of a chemical process. Solvent removal accounts for
a major portion of total energy consumption, and harmful solvent emissions contribute to global pollution. Water is
preferred as a green solvent due to its non-toxicity, inertness, and abundance [4].

1.4 Green Catalysts
Catalysis plays a crucial role in green synthesis, as catalysts improve reaction efficiency while reducing energy
consumption and waste production. Zeolites, natural clays, and water-soluble salts are commonly used green catalysts
[5]. The ideal properties of a green catalyst include:

e Non-toxic and environmentally friendly nature

e Recyclability

e  Water solubility for easy separation

e  Cost-effectiveness and natural availability

II. VARIOUS APPROACHES TO GREEN SYNTHESIS

Several environmentally friendly methods have been developed for efficient green synthesis. These include:
2.1 Solvent-Free Synthesis
Conducting reactions under 'neat' conditions eliminates solvent use, reducing energy consumption and waste
production. This method is cost-effective and often yields pure products without requiring additional purification steps
[6].
However, challenges such as poor agitation for solid reactants and low heat and mass transfer efficiency must be
addressed. Solvent-free synthesis is classified into:

e Liquid-liquid reactions

e Liquid-solid reactions

e  Solid—solid reactions
For example, aldol condensation can be efficiently carried out under solvent-free conditions [7]. Additionally, silica-
supported synthesis methods have been successfully applied in organic synthesis [8].

2.2 Mechanochemical Synthesis
Mechanochemistry involves applying mechanical energy (e.g., grinding in a mortar and pestle or using ball mills) to
drive chemical reactions [9]. Ball milling is particularly advantageous due to its:

e Higher efficiency

e Reduced energy consumption

e  Minimal by-product formation
For example, benzimidazole derivatives can be synthesized efficiently using mechanochemical methods at room
temperature [ 10].

2.3 Microwave-Assisted Organic Synthesis
Microwave irradiation accelerates reactions by directly heating dipoles and ions in a reaction mixture [11]. This method
enables:

e  Faster reaction times

e Higher reaction efficiency

e Reduced by-product formation
Reactions requiring high temperatures can be efficiently conducted using microwave-assisted synthesis. For instance,
tri-alkyl phosphate synthesis under solvent-free conditions is a well-known example [12-16].
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2.4 Sonochemical Synthesis

Ultrasound energy facilitates reactions via acoustic cavitation, where the rapid formation and collapse of microscopic
bubbles generate localized high-energy conditions [13]. This technique is widely used for nanomaterial synthesis and
enhances reaction rates by promoting molecular interactions [14-18].

2.5 Solar Energy as a Source of Thermal Energy

Solar energy is an ideal green catalyst that leaves no residue in reaction mixtures. It is cost-effective and renewable,
making it a promising energy source for organic synthesis [15]. Photovoltaic (PV) devices offer a clean alternative by
converting solar energy into electricity for chemical processes [16].

2.6 UV-Visible Light Promoted Synthesis
Photo-catalysis accelerates reactions by breaking light-sensitive bonds. This eco-friendly method is often used in
organic transformations, such as the synthesis of dibenzofuran derivatives under visible-light irradiation [17-21].

I11I. CONCLUSION
Each green synthetic approach has distinct advantages and limitations. Time and energy efficiency are key benefits of
these methods, with microwave-assisted organic synthesis being particularly effective for high-temperature reactions.
Sonochemistry enhances mechanical stirring effects, while solar and UV-visible light provide truly green energy
sources for organic transformations.
The continued development of environmentally benign drug synthesis methods will contribute to sustainability while
fostering innovation in organic and medicinal chemistry.
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