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Abstract: Paul T. Anastas and John Warner first introduced the principles of Green Chemistry, which have
since led to numerous scientific advancements and innovations under this framework. These twelve
principles serve as a guiding structure for research in the field of green chemistry, promoting the use of
sustainable raw materials, minimizing waste, and avoiding hazardous reagents and solvents in chemical
synthesis. Importantly, these principles advocate for environmentally friendly approaches at every stage,
from product design and synthesis to application, analysis, and disposal. The primary goal of green
chemistry is to develop methodologies that reduce the use of harmful substances. Over the past few years,
significant progress has been made in designing safer alternatives that benefit both human health and the
environment. This concise review highlights green synthetic approaches developed in the last two years
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I. INTRODUCTION

In the context of increasing environmental pollution, green chemistry has become essential for present and future
research. Paul T. Anastas and John Warner introduced twelve fundamental principles of green chemistry, primarily
aimed at waste minimization. These principles (Fig. 1) serve as guidelines for adopting environmentally sustainable
practices in chemical synthesis. By following these principles, chemists can address several critical issues, such as
reducing the use of volatile and toxic solvents, improving catalyst efficiency and reusability, maximizing atom
economy, developing energy-efficient and environmentally benign reactions, and preventing chemical waste. With the
growing focus on green chemistry in organic synthesis, modifying conventional synthetic methods has become crucial.
Researchers are continuously working on developing greener synthetic strategies for the production of various organic
compounds.

Key Principles of Green Chemistry

A. Waste Prevention

The most effective way to manage chemical waste is to prevent its generation in the first place. Chemists must redesign
synthetic processes to minimize or eliminate hazardous waste formation. Preventing waste at the source reduces the
risks associated with its storage, transportation, and disposal, making chemical processes safer and more
environmentally friendly.

B. Atom Economy

Atom economy refers to the efficient utilization of all reactant atoms in the final product. A high atom economy means
that fewer atoms are wasted in byproducts, leading to minimal waste production. Pericyclic reactions serve as excellent
examples of atom economy because they involve highly efficient transformations where most or all reactant atoms are
incorporated into the desired product. This approach significantly reduces the environmental impact of chemical
synthesis.
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C. Less Hazardous Synthesis

Chemical processes should be designed to use and produce substances with minimal or no toxicity to human health and
the environment. The goal is to replace hazardous reagents with safer alternatives and develop reaction conditions that
prevent the formation of harmful byproducts. This principle promotes the adoption of greener reagents and synthesis
techniques, making chemistry safer and more sustainable.

D. Designing Safer Chemicals

Chemical products should maintain their intended functionality while minimizing toxicity. This principle encourages
researchers to develop new, safer compounds that achieve the desired effects with reduced environmental and health
risks. In academic and industrial research, designing inherently safer chemicals should be a priority to ensure the
sustainability of chemical products.

E. Safer Solvents and Auxiliaries

Solvents and other auxiliary substances (such as separation agents) should be avoided whenever possible or replaced
with environmentally benign alternatives. The use of hazardous solvents contributes significantly to chemical waste,
making solvent reduction a key strategy in green chemistry. In cases where solvents are necessary, non-toxic and
recyclable options should be prioritized. Additionally, minimizing purification steps helps reduce solvent consumption
and overall waste.

F. Energy Efficiency

Reducing energy consumption in chemical processes lowers both environmental impact and production costs. Green
chemistry promotes conducting reactions at ambient temperature and pressure whenever possible to minimize energy
usage. Energy-efficient synthesis methods contribute to sustainable industrial practices by reducing reliance on non-
renewable energy sources.

G. Use of Renewable Feedstocks

Whenever feasible, raw materials and feedstocks should be derived from renewable sources rather than depleting finite
resources. Examples include agricultural products, biomass, and waste materials that can be repurposed for chemical
synthesis. Renewable feedstocks provide a sustainable alternative to fossil-based resources and help in reducing carbon
footprints. Key advancements in green chemistry, such as nanotechnology, solar energy utilization, and carbon dioxide
conversion, have made renewable feedstocks more practical and economically viable.

H. Reduce Derivatization

Unnecessary chemical modifications, such as the use of protecting and deprotecting groups, should be minimized.
Many traditional synthetic pathways involve multiple derivatization steps that generate additional waste and require
hazardous reagents. By designing more selective reactions, chemists can avoid these extra steps, leading to more
sustainable and efficient synthetic routes.

I. Catalysis

Catalysts play a crucial role in making chemical reactions more efficient and sustainable. Catalytic reactions require
lower activation energy compared to non-catalytic reactions, leading to increased reaction rates and reduced reagent
consumption. Additionally, catalysts can be reused, minimizing chemical waste. Green chemistry favors the use of
highly selective catalysts to enhance reaction efficiency and reduce the formation of undesired byproducts.

J. Design for Degradation

Chemical products should be designed to break down into non-toxic substances after their intended use, preventing
environmental accumulation. Persistent chemicals pose significant ecological risks, leading to pollution and
bioaccumulation in living organisms. By developing biodegradable alternatives, chemists can ensure that chemical
products decompose safely without harming the environment.

K. Real-time Analysis for Pollution Control

Monitoring chemical reactions in real-time is essential for detecting unwanted byproducts and ensuring process
efficiency. By implementing in-process monitoring techniques, researchers can prevent the formation of hazardous
substances and optimize reaction conditions. Advanced analytical methods, such as spectroscopy and chromatography,
play a crucial role in achieving real-time pollution control.
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L. Safer Chemistry for Accident Prevention

Chemical processes should be designed to minimize the risk of accidents, such as explosions, fires, and toxic releases.
Choosing safer forms of reagents (e.g., solids instead of volatile liquids) and designing inherently stable reaction
systems can significantly reduce accident risks. A tragic example of the consequences of unsafe chemical practices is
the Bhopal gas tragedy, where a leak of toxic methyl isocyanate resulted in thousands of deaths. Implementing green
chemistry principles helps prevent such disasters by ensuring safer process design and handling.

GREEN SYNTHETIC STRATEGIES

Green chemistry promotes the use of environmentally friendly synthetic approaches to minimize pollution, reduce
waste, and improve the safety of chemical processes. Several innovative methods have been developed in recent years
to achieve these goals. This section highlights key green synthetic strategies that have gained significant attention,
including the use of water as a solvent, polyethylene glycol (PEG)-mediated reactions, metal oxide nanoparticle-
catalyzed reactions, and energy-efficient techniques like microwave and ultrasound-assisted synthesis.

A. Organic Reactions in Water

Water is often considered the ideal solvent for green chemistry due to its non-toxic, non-flammable, and biodegradable
nature. It is nature’s most abundant solvent and exhibits strong hydrogen bonding capabilities. Several physical
properties of water make it particularly useful for organic synthesis, including:

High dielectric constant, which enhances the solubility of polar compounds.

Low viscosity, allowing for better diffusion of reactants.

High surface tension, which enables the stabilization of reaction intermediates.

High specific heat capacity, making it an excellent medium for temperature control.

These properties collectively contribute to water’s effectiveness in organic synthesis. Researchers have successfully
employed water as a solvent in various organic reactions, demonstrating its versatility and sustainability. Notable
examples include:

Synthesis of 2-arylidene indanones, which are important intermediates in pharmaceuticals.

Diels-Alder reactions, which are widely used in the synthesis of complex organic frameworks.

Claisen rearrangement, a key transformation in the formation of carbon-carbon bonds.

Using water as a solvent in these reactions not only reduces environmental impact but also enhances reaction efficiency
and selectivity.

B. Organic Reactions in Polyethylene Glycol (PEG)

Polyethylene glycol (PEG), particularly PEG-400, is a promising green reaction medium used in various organic
transformations. PEG has several advantages, making it an attractive alternative to conventional organic solvents:

Low cost, making it economically viable for large-scale reactions.

Recyclability, allowing for multiple uses without significant loss of effectiveness.

Non-toxic and biodegradable nature, ensuring safety for both researchers and the environment.

Intrinsic catalytic properties, which can enhance reaction rates and selectivity.

Many researchers have explored the use of PEG as a reaction medium for different types of organic transformations.
Some notable applications include:

Synthesis of thiazoles and pyrimidines, which are important heterocyclic compounds in pharmaceuticals.

Heck reaction, a key carbon-carbon coupling reaction used in the production of fine chemicals and pharmaceuticals.
Michael reaction, which is widely employed in the synthesis of bioactive molecules.

Biginelli reaction, an important multicomponent reaction for synthesizing dihydropyrimidinones, which have
medicinal applications.

The ability of PEG to dissolve a wide range of organic and inorganic compounds, along with its ability to be recovered
and reused, makes it a sustainable choice for modern organic synthesis.
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C. Organic Reactions Using Metal Oxide Nanoparticles as Catalysts

Metal oxide nanoparticles have gained attention as efficient and environmentally friendly catalysts for organic
reactions. These nanoparticles exhibit unique properties, such as:

High surface area, allowing for better interaction with reactant molecules.

Enhanced porosity, improving the accessibility of reactants to active catalytic sites.

Structural tunability, which can be achieved by doping with different metal ions to modify reactivity.

High selectivity, reducing unwanted side reactions and byproducts.

By leveraging these advantages, researchers have successfully used metal oxide nanoparticles in a variety of catalytic
organic reactions. Some prominent examples include:

Synthesis of dihydropyrimidinones, which are valuable scaffolds in drug discovery.

Thiazole synthesis, which plays a crucial role in the development of pharmaceuticals and agrochemicals.

Oxazole synthesis, used in the production of biologically active compounds.

These nanoparticle-based catalysts not only improve reaction efficiency but also align with the principles of green
chemistry by minimizing waste and reducing the need for toxic reagents.

D. Microwave and Ultrasound-Assisted Synthesis

Microwave and ultrasound-assisted techniques have revolutionized synthetic chemistry by significantly reducing
reaction times and improving yields. These methods are considered highly efficient and environmentally friendly due to
their ability to enhance reaction kinetics while minimizing solvent usage.

Microwave-Assisted Synthesis:

Microwaves provide rapid and uniform heating, leading to faster reaction rates.

The technique is particularly useful for reactions that require high temperatures but can be conducted in a shorter
duration under microwave irradiation.

Examples include cyclization reactions, multicomponent reactions, and metal-catalyzed transformations.
Ultrasound-Assisted Synthesis:

Ultrasound waves generate acoustic cavitation, which enhances molecular interactions and accelerates reactions.

It is widely used in organic synthesis for reactions like esterification, oxidation, and reduction.

Benefits include increased yield, reduced reaction time, and improved selectivity.

In the past two years, researchers have reported significant advancements in microwave and ultrasound-assisted
synthesis, demonstrating improvements in reaction efficiency, separation processes, and overall sustainability.

II. CONCLUSION
This review highlights various green synthetic strategies that are currently being developed and refined to promote
environmentally friendly organic synthesis. The discussed approaches—water-mediated reactions, PEG-based
synthesis, nanoparticle-catalyzed reactions, and microwave/ultrasound-assisted methods—represent significant steps
toward sustainable chemical processes.
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