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Abstract: The pursuit of sustainable and environmentally friendly approaches in chemical
synthesis has led to the emergence of green catalysis as a transformative tool in organic chemistry.
Traditional catalytic processes often involve hazardous reagents, toxic solvents, and high energy
inputs, posing challenges to human health and environmental sustainability. This review is
dedicated to green catalysts (both biocatalysts and chemical catalysts), such as biocatalysis, solid
catalysts (heterogeneous), ionic liquids, and metal-organic frameworks (MOFs), which can
provide a safe, green and sustainable environment for various organic reactions. It mainly focuses
on the catalytic efficiency, atom economy, selectivity of reactions, and recyclability. Comparison
of the conventional and green catalytic procedures has been illustrated using representative
examples such as oxidations, reductions, C—C cross coupling, and esterification. This work shows
a few emerging catalyst design and highlights the possibility of the green catalysis towards less
environmental footprint and scaled-up green chemistry.

Keywords: Green catalysis, sustainable chemistry, biocatalysts, metal-organic frameworks,
organic synthesis, eco-friendly synthesis.

1 Introduction

Historically, organic synthesis has been based on catalysts which, while being efficient,
have frequently been associated with certain environmental and safety issues, including
one or more of:
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» Solvents (toxic)- (benzene, chloroform)
*  Metals (like mercury, cadmium)

e Recalcitrant, non-recyclable reagents and stoichiometric by-products

Such strategies are also not in accordance with those of green chemistry and in particular,
the ideals of waste minimization, the use of less hazardous solvents, and energy
minimization (Anastas & Warner, 1998). To fulfill the more and more stringent
environmental norms and the increasing demand for eco-friendly industrial processes,
chemists are working on more and more green catalyst systems which tend to be highly
reactive and environmentally friendly.

The (ab)Literature green chemistry for organic synthesis has doubled in the past decade,
a testament to increasing support for sustainable methods in chemical research. Scarso
and Strukul's (SCARSO & STRUKUL, 2014) report indicates a paradigm shift in
oxidation using less hazardous, atom-efficient oxidants like H202 and O2. This
emphasis in the preparation of effective metal catalysts is to garner selectivity and
turnover in higher yielding and to lean toward catalyst recycling and the use of water as
the solvent instead of organic replacements. Authors emphasize the expansion in
catalytic oxidation protocols that surround numerous transformations that are sustained
by transition metal complexes and accordingly adhere to the principles of green
chemistry by eliminating harmful by-products and achieving maximum atom economy.

In the spirit of these principles, the work of Friedmann et al. Heterogeneous
Photocatalysis in Organic Synthesis Friedmann et al.(2016) addressed the area of
heterogenous photocatalytic systems for organic synthesis. As proposed, the complex
parameter of reaction media and generations of photocatalysts can be tuned in a manner
which gives enhanced selectivity and milder conditions of the reaction with respect to
the more classical methods. By proposing an optimization of the photocatalysts, which
is tailored to the case, the authors point out 'one-pot’ reactions as prospective ones that
reduce the number of reaction steps. To fulfill the more and more stringent
environmental norms and the increasing demand for eco-friendly industrial processes,
chemists are working on more and more green catalyst systems which tend to be highly
reactive and environmentally friendly.
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The (ab)Literature green chemistry for organic synthesis has doubled in the past decade,
a testament to increasing support for sustainable methods in chemical research. Scarso
and Strukul's (SCARSO & STRUKUL, 2014) report indicates a paradigm shift in
oxidation using less hazardous, atom-efficient oxidants like H202 and O2. This
emphasis in the preparation of effective metal catalysts is to garner selectivity and
turnover in higher yielding and to lean toward catalyst recycling and the use of water as
the solvent instead of organic replacements.

Green catalysis refers to catalytic systems that align with environmental and
sustainability goals by:

. Enhancing atom economy

. Reducing or eliminating hazardous reagents
. Operating under mild conditions

. Allowing recyclability and reusability

Examples include:

. Enzymatic catalysis for asymmetric synthesis
. Heterogeneous catalysts for clean oxidation

. Photocatalysis under visible light

. Solvent-free or water-based catalysis

Green catalysts enable several eco-efficient transformations including:

. Selective oxidations (e.g., alcohols to aldehydes)

. Cross-coupling reactions (e.g., Suzuki—Miyaura coupling)
. Esterifications and amidations

. Multicomponent one-pot reactions

By facilitating these reactions with lower energy requirements and reduced toxicity,
green catalysis supports sustainable manufacturing in:

This paper aims to:

. Review the types and mechanisms of green catalysts used in organic
synthesis.
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. Compare their efficiency and environmental performance with conventional
catalytic systems.

. Highlight recent case studies from literature and industry applications.

. Discuss future directions for research and industrial implementation of
green catalytic methods.

2 Types and Mechanisms of Green Catalysts

Green catalysts fall into several broad categories, each with unique properties and
mechanisms conducive to sustainable organic synthesis.

2.1 Biocatalysts

Enzymes are natural catalysts that offer high specificity and operate under mild
aqueous conditions. Common classes used in organic synthesis include:

. Oxidoreductases (e.g., alcohol dehydrogenases)
. Hydrolases (e.g., lipases for esterification)
. Lyases and isomerases (for ring closures and stereoselective conversions)

Mechanism: Enzyme-substrate binding forms a transient complex that lowers the
activation energy for the transformation, typically yielding products with high
stereoselectivity (Bornscheuer & Kazlauskas, 2006).

Advantages:

. Operate in water

. No toxic residues

. Biodegradable and renewable

2.2 Heterogeneous Solid Catalysts

These include metal oxides, zeolites, and supported metal nanoparticles that act at the
surface—substrate interface.

Common Examples:

. Ti0:2 and ZnO for photocatalysis
. Pd/C for hydrogenation
. Montmorillonite clay for esterification
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Mechanism: Substrate adsorbs onto the catalyst surface; reaction occurs at active sites
and product desorbs for recovery. These are recyclable and reduce contamination of
products (Climent et al., 2014).

2.3 lonic Liquids (ILs)

lonic liquids are non-volatile, thermally stable salts that act both as solvents and
catalysts. Functionalized ILs can enhance selectivity in reactions like:

. Diels—Alder
. Friedel-Crafts alkylation
. Aldol condensation

Mechanism: ILs create polar microenvironments that stabilize transition states and
enhance nucleophilicity/electrophilicity (Wasserscheid & Welton, 2008).

Pros:

. Non-volatile (low VOC emissions)
. Tailorable polarity

. Facilitates catalyst recovery

2.4 Metal-Organic Frameworks (MOFs)

MOFs are crystalline materials with porous structures that house metal active sites.
They function as heterogeneous catalysts in:

. Oxidation of alcohols
. Knoevenagel condensations
. Click chemistry

Mechanism: The metal center serves as a Lewis acid, while the organic linkers aid in
substrate positioning and selectivity (Dhakshinamoorthy et al., 2012).

2.5 Photocatalysts

Green photocatalysts use visible light to initiate organic reactions, replacing harsh
thermal or chemical inputs.

Examples:

. Eosin Y, Ru(bpy)s**, graphitic carbon nitride (g-CsNa)
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Mechanism: Light absorption excites electrons to generate radical intermediates that
drive oxidation, reduction, or coupling reactions.

2.6 Organocatalysts

These are small organic molecules that catalyze reactions without metals, such as:
. Proline (aldol reactions)

. Thiourea (Michael additions)

Mechanism: Activation through hydrogen bonding or enamine formation, often
yielding high enantioselectivity.

3 Applications of Green Catalysts in Organic Reactions

Green catalysts have demonstrated efficiency across a wide range of organic

transformations, offering alternatives to conventional methods involving toxic reagents

or high energy consumption.
3.1 Oxidation Reactions
Traditional Method:

. Reagents: Chromium(V1), permanganate

. Issues: Toxic waste, overoxidation
Green Alternatives: Biocatalysts: Alcohol dehydrogenase (selective oxidation of
primary alcohols to aldehydes) Photocatalysts: TiO, or g-CsN4 under visible light
MOFs: Cu-based MOFs catalyzing aerobic oxidations

Example: Selective oxidation of benzyl alcohol using Cu-MOF under air at room
temperature (Zhou et al., 2019).

3.2 Reduction Reactions

Traditional Method:

. Reagents: LiAlH4, SnCl2

. Issues: Fire hazards, toxic residues

Green Alternatives:

Pd/C in ethanol under H: gas (heterogeneous)

Enzymatic ketone reductions via alcohol dehydrogenase in aqueous medium

Photocatalytic reduction of nitroarenes using eosin Y
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3.3 C—C Coupling Reactions

Traditional Method:

. Catalysts: Pd complexes with phosphine ligands
. Solvents: Toluene, DMF (toxic)

Green Alternatives:

. Pd supported on clay/charcoal in water
. Ligand-free reactions using ILs
. Microwave-assisted Suzuki reactions in ethanol/water mixtures

Example: Suzuki—Miyaura coupling in ILs at room temperature without base (Yadav
al., 2021).

3.4 Esterification and Amidation

Traditional Reagents: Acid chlorides, strong acids (HCl, H2SO4)

Green Approach: Lipase-catalyzed esterification in solvent-free systems
Solid acids: Amberlyst-15 and montmorillonite clay in water or ethanol

Example: Synthesis of methyl benzoate using lipase from Candida antarctica at 45°C
(Saxena et al., 2020).

3.5 Multicomponent Reactions (MCRS)

Green catalysts improve the efficiency of MCRs such as:
Biginelli reaction (urea, aldehyde, B-keto ester)

Mannich and Passerini reactions

Catalysts Used:

Choline chloride—urea deep eutectic solvents

Acidic ILs

Proline

et
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Table 1: Examples of Green Catalysts in Organic Reactions

Reaction Type Green Catalyst Solvent Temp Yield Recyclable?
C) (%)
Oxidation Cu-MOF Air 25 89 Yes
Reduction Alcohol Water 35 92 Yes
dehydrogenase
Coupling Pd/charcoal Water 80 85 Yes
Esterification  Lipase None 45 78 Yes
MCR Proline Ethanol 60 82 Yes

As shown in Table 1, green catalysts such as enzymes (lipase, alcohol dehydrogenase)
and MOFs enable high-yield reactions under mild conditions, often using water or air as

solvents, with excellent recyclability.

4 Discussion

4.1 Environmental and Operational Benefits

Green catalysts demonstrate multiple sustainability advantages over conventional

catalytic systems:

» Reduced Toxicity: Replacement of hazardous reagents with biodegradable or

less toxic alternatives.

» Lower Energy Demand: Many green catalytic processes proceed under ambient

conditions or with mild heating.

» Waste Minimization: Enhanced atom economy and cleaner reaction profiles
reduce chemical waste and simplify product separation.

» Recyclability: Heterogeneous and supported catalysts allow reuse without

significant activity loss.

»  Water as Solvent: Increased use of water or solvent-free conditions aligns with

green chemistry principles.

These benefits make green catalysis a viable tool not only for laboratory-scale reactions
but also for industrial applications where environmental compliance and efficiency are

paramount.
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4.2 Future Directions

» Hybrid Catalyst Systems: Combining enzymatic, metal, and photochemical
features to achieve multi-functionality.
» Computational Design: Molecular modeling and Al-driven catalyst prediction
can accelerate innovation.
» Circular Economy Integration: Design of catalysts from biomass-derived or
waste-derived materials.
» Green Metrics Adoption: Incorporation of E-factor, Process Mass Intensity
(PMI), and Life Cycle Assessment (LCA) into catalyst development workflows.
The focus must remain on achieving a balance between catalytic efficiency,
environmental impact, and economic viability.

Conclusions

Green catalysis is rapidly transforming the landscape of organic synthesis by offering
eco-friendly, sustainable, and cost-effective alternatives to traditional catalytic systems.
Through biocatalysts, heterogeneous materials, ILs, and MOFs, reactions can be
conducted with reduced environmental footprint while maintaining high selectivity and
yield. However, to achieve widespread adoption in chemical industries, future research
must tackle existing barriers related to scalability, catalyst cost, and recyclability. With
ongoing advancements in materials science, biotechnology, and green process
engineering, green catalysis is poised to become the cornerstone of sustainable chemical
manufacturing in the coming decades.
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