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Abstract—Green chemistry has emerged as a vital
framework in the transformation of drug synthesis,
aiming to align pharmaceutical development with the
principles of sustainability. Conventional synthetic
processes often involve the use of hazardous reagents,
excessive solvent use, and energy-intensive conditions,
which contribute to environmental degradation and
industrial inefficiency. In contrast, green chemistry seeks
to minimize waste, utilize renewable materials, and
employ safer reaction conditions without compromising
efficacy or productivity. This paper reviews various
green chemistry methodologies, including biocatalysis,
flow chemistry, solvent-free reactions, and the
application of environmentally benign catalysts and
solvents. Through selected case studies, it illustrates how
these approaches can yield improved reaction efficiency,
reduced environmental impact, and greater process
safety. The paper concludes with an analysis of existing
barriers and future directions for integrating green
chemistry into mainstream pharmaceutical synthesis.

Index Terms—Green chemistry, sustainable synthesis,
pharmaceutical  development, Dbiocatalysis, flow
chemistry, solvent-free reactions, eco-friendly solvents,
catalysis.

I. INTRODUCTION

As global concern grows over environmental pollution
and resource depletion, the pharmaceutical industry is
under increasing pressure to develop more sustainable
manufacturing practices. Drug synthesis, in particular,
is known for generating significant waste and relying
heavily on hazardous materials. In response to these
issues, green chemistry—a discipline introduced by
Anastas and Warner in the 1990s—provides a set of 12
guiding principles designed to make chemical
processes more environmentally benign and
economically viable.Green chemistry is not simply an
environmentalist agenda; it is a strategic approach that
aligns environmental objectives with  cost-
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effectiveness and innovation. Within the realm of
medicinal chemistry, green methodologies are gaining
traction as viable alternatives to traditional synthesis
routes. This paper explores various green chemistry
techniques as applied in drug synthesis, highlighting
their scientific basis, practical implementations, and
contributions to sustainability.

II. FOUNDATIONS AND PRINCIPLES OF GREEN
CHEMISTRY

Green chemistry is based on 12 foundational
principles that guide the design of chemical products
and processes. These principles advocate for the
prevention of waste, the use of safer solvents and
reagents, energy efficiency, renewable feedstocks, and
catalysis over stoichiometric reagents. In drug
synthesis, several of these principles are particularly
impactful: Atom Economy: Reactions are designed to
maximize the conversion of reactants into the final
product, thereby minimizing waste. Safer Solvents:
The use of water, supercritical COz, or ionic liquids as
alternatives to toxic organic solvents is encouraged.
Energy Efficiency: Reactions at ambient temperature
and pressure are preferred to those requiring extreme
conditions. Catalysis: Catalytic processes offer
enhanced selectivity and reduced reagent waste.
Renewable Feedstocks: The use of biomaterials and
naturally derived substrates is promoted to reduce
dependence on fossil-based inputs. These principles
form the scientific and ethical basis for reimagining
how drugs are synthesized, moving away from
processes that sacrifice environmental quality for
performance.
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II1. BIOCATALYSIS: NATURE-INSPIRED
SYNTHESIS

Biocatalysis harnesses the specificity and efficiency of
enzymes or whole-cell systems to carry out chemical
transformations under mild conditions. This approach
is especially valuable in pharmaceutical synthesis due
to the complex stereochemistry of many active
pharmaceutical ingredients (APIs).

IV. APPLICATIONS IN DRUG DEVELOPMENT

The application of green chemistry principles in drug
development has led to profound transformations in
the design, synthesis, and manufacturing of active
pharmaceutical ingredients (APIs). By embracing
environmentally friendly methodologies,
pharmaceutical companies have not only reduced their
ecological footprint but also improved cost-efficiency,
safety, and overall process sustainability. The real-
world implementation of green chemistry can be
observed in various stages of drug development—
from early-stage synthesis to full-scale commercial
production.

V. BIOCATALY SIS IN API SYNTHESIS

Biocatalysis is one of the most impactful applications
of green chemistry in pharmaceutical development.
Enzymes, owing to their exceptional regioselectivity
and stereoselectivity, offer clean and efficient
conversions under mild reaction conditions. These
features make them ideal for synthesizing chiral drug
intermediates, which are often essential for therapeutic
efficacy.

Case Study: Sitagliptin (Januvia®):Sitagliptin, a
dipeptidyl peptidase-4 (DPP-4) inhibitor used to treat
type 2 diabetes, became a landmark in green
pharmaceutical synthesis. Initially, Merck used a
rhodium-catalyzed asymmetric hydrogenation to
produce a chiral amine intermediate. However, this
method was costly and relied on high-pressure
hydrogen and rare metals. The green chemistry
alternative involved the use of a transaminase enzyme
developed via directed evolution. This enzyme
catalysed the conversion of a prochiral ketone to the
chiral amine with >99.95% enantiomeric excess (ee),
improving yield, reducing waste by ~20%, and
eliminating the use of toxic solvents and heavy metals.
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The process mass intensity (PMI) was significantly
lowered, aligning with green chemistry metrics.
Renewable Feedstocks in Drug Design:Incorporating
renewable feedstocks—biomass-derived materials—
into drug synthesis has gained momentum. Such
approaches reduce reliance on petrochemical sources
and offer closed-loop production possibilities.

Case Study: Galidesivir:Galide sivir, a broad-spectrum
antiviral compound, saw a sustainable breakthrough
through the innovation of high school student Adam
Kovalchick. He developed a synthesis method
utilizing furfuryl alcohol derived from agricultural
waste (corn husks).This not only shortened the
synthetic route from 15 to 10 steps but also reduced
the production time by 45% and costs by over 80%.
The approach exemplifies the potential of biomass
conversion into high-value pharmaceutical products.
Solvent and Waste Minimization in Oncology
Drugs:The synthesis of oncology drugs often involves
hazardous chemicals and generates substantial waste.
Green chemistry has facilitated the redesign of these
processes using aqueous or supercritical CO2-based
reaction media and recyclable catalysts.Example:
Green Synthesis of Tamoxifen Intermediates.For the
anti-cancer drug tamoxifen, green chemistry-enabled
processes now use aqueous micellar catalysis in
Suzuki coupling reactions, which replaces toxic
solvents like DMF or THF. These reactions occur
efficiently at room temperature, reducing both energy
consumption and waste generation.

Process Optimization in Antibiotic
Manufacturing: Antibiotic production, traditionally
carried out in batch processes with high solvent loads,
has benefited from the integration of flow chemistry
and biocatalysis.Case Study:
Amoxicillin:Amoxicillin, a widely used p-lactam
antibiotic, is now produced using penicillin acylase, an
enzyme that catalyses the acylation of 6-
aminopenicillanic acid (6-APA) with phenylglycine
derivatives. This enzymatic route avoids the need for
strong acids or bases, minimizes byproducts, and
improves atom economy. Additionally, immobilized
enzyme systems allow for enzyme reuse, further
reducing process costs.

Continuous  Manufacturing in  Cardiovascular
Drugs:Continuous manufacturing, a key tenet of flow
chemistry, allows for uninterrupted API production
with tight control over reaction conditions, which is
critical for sensitive drug molecules.Example:
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Atorvastatin (Lipitor).In the synthesis of atorvastatin,
flow chemistry has been utilized for crucial steps like
the formation of the lactone ring and the chiral side
chain. This approach has improved product
consistency, allowed for inline monitoring and
purification, and reduced solvent usage by over 60%
compared to batch processes.
Microwave-Assisted and Mechanochemical
Synthesis:Green chemistry also supports alternative

energy inputs, such as microwave and

mechanochemical activation, which enable solvent-
free or low-solvent drug synthesis.Example: Synthesis
of Anti-inflammatory Agents.Several non-steroidal
anti-inflammatory drugs (NSAIDs), such as ibuprofen
and naproxen, have been synthesized via microwave-
assisted Bigi Nelli and Manniche reactions. These
techniques dramatically shorten reaction times (from
hours to minutes), reduce energy consumption, and
avoid hazardous solvents, without compromising
product purity or yield.

Selected Green Chemistry Applications in Drug Development table

Drug Name H Green Technique H

Benefits

Sitagliptin H Biocatalysis H

Reduced waste, no heavy metals, improved yield

Galide sivir H Renewable feedstocks H

Lower cost, fewer steps, biomass utilization

|
|
|
‘ Tamoxifen H
|
|
|

Micellar catalysis H Aqueous medium, reduced toxicity

Amoxicillin H Enzyme-catalysed synthesis H Mild conditions, enzyme reusability
Atorvastatin H Flow chemistry H Real-time control, solvent reduction
Naproxen H Microwave-assisted H Faster synthesis, solvent-free process

Future  Applications and Trends:Emerging
applications of green chemistry in drug development
are being shaped by digital tools, including:Al-Driven
Reaction Optimization: Machine learning algorithms
are now capable of predicting optimal green reaction
conditions, minimizing
experimentation. Hybrid Catalytic Systems:
Combining enzymatic and metal-based catalysis in
one-pot or tandem reactions to expand the scope of
green transformations.Sustainable Peptide Synthesis:
New solvent systems and greener coupling agents are
being developed to reduce the environmental burden

trial-and-error

of large-scale peptide drug production.The synthesis
of the antidiabetic drug sitagliptin stands as a landmark
example. By replacing a metal-catalyzed asymmetric
hydrogenation step with an engineered transaminase
enzyme, Merck was able to increase the yield,
eliminate the need for heavy metals, and operate under
aqueous conditions. This modification also
significantly reduced the process mass intensity
(PMI), a key metric in green chemistry.Enzyme-
mediated reactions are not only environmentally
friendly but also economically advantageous, as they
often simplify purification and downstream
processing.
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Flow Chemistry: Continuous and Scalable
Efficiency:Flow chemistry, also known as continuous
flow processing, has emerged as a transformative
methodology in sustainable drug synthesis. Unlike
traditional batch processing, where reactions are
conducted in discrete volumes, flow chemistry allows
reactants to continuously move through a reactor. This
dynamic and controllable system presents numerous
environmental and industrial advantages, making it
highly compatible with the principles of green
chemistry.

Fundamentals and Green Chemistry Alignment:At its
core, flow chemistry involves pumping reagents
through micro- or meso-scale reactors, often under
finely tuned temperature, pressure, and flow rate
conditions. These continuous operations facilitate
enhanced heat transfer, mass transfer, reaction control,
and safety, particularly for exothermic and hazardous
transformations.The approach aligns with several
principles of green chemistry:Principle 6 (Design for
Energy Efficiency): Better thermal management leads
to lower energy requirements.Principle 1 (Prevention
of Waste): Continuous operations minimize material
losses and enable real-time process
monitoring.Principle 12 (Inherently Safer Chemistry):
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Small reaction volumes reduce the risk of runaway
reactions or hazardous exposure.

Operational and Environmental Advantages:The
environmental benefits of flow chemistry in drug
synthesis are multifold.Reduced Solvent and Reagent
Consumption: Reactants can be used in stoichiometric
or near-stoichiometric quantities, avoiding excesses
typical in batch processing.Improved Selectivity and
Yield: Enhanced mixing and temperature control
reduce side reactions and degradation pathways.Real-
Time Monitoring and Automation: Integration with
Process Analytical Technology (PAT) tools allows for
on-the-fly  adjustments, reducing waste and
variability.Rapid Scale-Up: Process parameters can be
translated from lab to production scale with minimal
adjustments, bypassing lengthy pilot trials.
Applications in Drug Synthesis

Flow chemistry has been applied successfully in both
early-stage drug development and commercial-scale
pharmaceutical manufacturing. Key reaction types
include oxidations, reductions, metal-catalyzed
couplings, and photochemical and biocatalytic
processes.Example 1: API Synthesis—Ibuprofen.The
synthesis of ibuprofen, a widely used NSAID, was
successfully adapted to a continuous flow process by
BASF using the BHC (Boots-Hoechst-Celanese)
method. This process uses fewer steps than the
traditional route and eliminates the need for
chlorinated solvents. The flow system reduces waste,
shortens reaction times, and increases atom
economy—making it a benchmark in sustainable
process intensification.Example 2: Arylation and
Suzuki Coupling in Flow.Palladium-catalyzed cross-
coupling reactions, such as Suzuki-Miyaura
couplings, are central to the construction of complex
drug molecules. In flow systems, these reactions
benefit from rapid mixing and controlled heating,
yielding higher conversions in significantly shorter
residence times than batch reactions. Use of
immobilized catalysts further enhances sustainability
by enabling catalyst recovery and reuse.

Integration with Other Green Technologies:One of the
key strengths of flow chemistry is its compatibility
with other green techniques:Flow Biocatalysis:
Enzymes immobilized on solid supports can be used in
flow reactors to continuously transform substrates.
This has been applied in the synthesis of chiral amines,
esters, and alcohols.Photoredox Catalysis in Flow:
Flow reactors are ideal for light-mediated reactions
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because of uniform light penetration and better control
over photochemical parameters. These methods have
enabled clean and efficient oxidations and C—C bond
formations.Supercritical Fluids and Flow:
Supercritical CO: can be used as both solvent and
reactant in flow systems, minimizing the need for
traditional organic solvents and simplifying
purification.

Regulatory and Industrial Adoption:Regulatory
bodies, including the U.S. Food and Drug
Administration (FDA), have recognized the
advantages of continuous manufacturing. In fact,
continuous flow methods are encouraged for their
consistency, quality control, and ease of compliance
with Good Manufacturing Practices (GMP).Examples
of industrial adoption include:Novartis and MIT
collaboration: A fully integrated, portable flow-based
manufacturing unit capable of producing small-batch
APIs within days, reducing manufacturing time from
weeks to hours.GSK: Employs flow reactors in the
synthesis of anti-HIV and anticancer agents to reduce
hazardous waste and improve throughput.
Solvent-Free and Environmentally Benign Solvents
Solvents are among the largest contributors to the
environmental impact of pharmaceutical synthesis. It
is estimated that over 50-80% of the total mass used
in a typical pharmaceutical process comprises
solvents, many of which are volatile organic
compounds (VOCs) with considerable ecological and
health hazards. As such, minimizing or replacing
harmful solvents is a central goal of green
chemistry. This section explores two key strategies for
solvent reduction in drug synthesis: (1) solvent-free
methodologies and (2) the use of environmentally
benign or alternative solvents. These approaches not
only reduce waste and toxicity but also enhance energy
efficiency and often simplify downstream purification
processes.

Solvent-Free Reactions: Chemistry Without a
Medium:Solvent-free reactions—also referred to as
neat reactions—are processes in which reactants are
brought into direct contact without the addition of a
bulk solvent. These methods are aligned with the
principles of atom economy and waste prevention, and
they often reduce energy consumption.Advantages of
Solvent-Free  Synthesis:Elimination of solvent
disposal and treatment.Lower risk of fire, explosion,
or environmental contamination.Shorter reaction
times due to increased concentration of
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reactants.Simplified product isolation (often no need
for extraction or recrystallization).

Mechanochemical Synthesis:Mechanochemistry uses
mechanical energy (e.g., grinding or milling) to initiate
chemical transformations. It has emerged as a
powerful technique for solvent-free synthesis,
particularly in producing solid-state pharmaceuticals,
metal-organic frameworks, and cocrystals.Case
Example: Synthesis of  Imidazoles and
Benzimidazoles.Mechanochemical synthesis has been
applied to the formation of heterocyclic scaffolds like
imidazoles, which are prevalent in antifungal and
anticancer drugs. By employing ball-milling
techniques, researchers have achieved high yields
under ambient conditions without solvents or
catalysts. This method not only minimizes waste but
also bypasses purification steps.
Microwave-Assisted Solvent-Free
Reactions:Microwave irradiation can dramatically
accelerate reaction rates in solvent-free conditions by
directly heating the reactants through dipole rotation
and ionic conduction. This method has been used
extensively in the synthesis of nitrogen-containing
heterocycles, steroids, and peptidomimetics.Example:
Synthesis of Dihydropyrimidinones (DHPMs).The
Biginelli reaction, a multicomponent reaction widely
used for synthesizing DHPMs, has been effectively
conducted under microwave-assisted, solvent-free
conditions. The process yields high product purity in a
matter of minutes, conserving energy and eliminating
the need for hazardous organic solvents.
Environmentally Benign Solvents: Safer Alternatives
for Sustainable Synthesis:When solvents are
necessary, the selection of benign alternatives is
crucial. Green solvents are defined by their low
toxicity, biodegradability, renewability, and minimal
environmental persistence. Several categories have
gained prominence in pharmaceutical green chemistry.
Water: The Universal Green Solvent:Water is non-
toxic, abundant, inexpensive, and thermally stable,

making it an ideal solvent for many organic
transformations. It also facilitates unique reactivity
through hydrogen bonding and hydrophobic
effects.Example: Aldol and Mannich Reactions in
Aqueous Media.Aqueous-phase catalysis has been
applied to various carbon—carbon bond-forming
reactions. For instance, the Mannich reaction—a key
step in the synthesis of neuroactive agents—can be
performed efficiently in water with minimal
byproducts and easy product isolation.

Supercritical Fluids (SCFs):Supercritical CO2 (scCO2)
is one of the most extensively used SCFs. It behaves
as both a gas and a liquid above its critical temperature
and pressure, allowing it to dissolve organic substrates
and be easily removed post-reaction.Pharmaceutical
Applications:Extraction of natural products (e.g.,
alkaloids, flavonoids).Hydrogenation and oxidation
reactions.Clean crystallization of APIs without organic
solvents.

Ionic Liquids (ILs):lonic liquids are non-volatile,
thermally stable salts that remain liquid below 100°C.
Their ability to solubilize a wide range of polar and
non-polar compounds makes them versatile for
organic synthesis.Advantages in Drug
Synthesis:Enhanced reaction rates and
yields.Recyclability and reduced vVOC
emissions.Compatibility with biocatalysts and metal
catalysts.Limitations:Some ILs may be toxic or non-
biodegradable. Hence, the focus has shifted toward
designing “task-specific” and “bio-based” ionic
liquids with improved environmental profiles.

Deep Eutectic Solvents (DESs):DESs are formed by
mixing two or more components (typically a hydrogen
bond donor and acceptor) to create a eutectic mixture
with a melting point lower than either constituent.
These solvents are biodegradable, low-cost, and
tunable.Applications in Green Drug
Synthesis: Transesterification reactions.Nucleophilic
substitutions.Enzyme-catalyzed reactions with
improved activity and selectivity.

Comparative Analysis: Conventional vs. Green Solvents

‘Solvent Type HToxicity HVolatility HBiodegradability HIndustrial Use HGreen Score ‘
‘Dichloromethane (DCM) HHigh HHigh HPoor HWidespread HLOW ‘
‘Tetrahydrofuran (THF) HModerate HHigh HModerate HCommon HLOW—Medium ‘
‘Water ‘ ’None ‘ ‘None ‘ ‘Excellent Hlncreasin g ‘ ‘Hi gh ‘
‘Supercritical CO: ‘ ’None ‘ ‘None ‘ ‘Excellent HModerate ‘ ‘Hi gh ‘
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lSolvent Type HToxicity HVolatility HBiodegradability “Industrial Use HGreen Score ‘
‘Ionic Liquids HLowfVar. HNone HVariable HLimited HMedium ‘
‘Deep Eutectic Solvents HNone HNone HExcellent HEmerging HHigh ‘

Integration with Green Metrics and Sustainability:To
evaluate the environmental performance of solvent
systems, several green metrics are utilized.Process
Mass Intensity (PMI): Total mass used per mass of
product; lower PMI indicates better sustainability.E-
factor: Mass of waste generated per unit product;
solvent-free and aqueous systems tend to have lower
E-factors.Life Cycle Assessment (LCA): Full
environmental impact from raw material acquisition to
waste treatment.Solvent replacement strategies,
particularly those based on these metrics, have been
adopted by pharmaceutical companies as part of their
sustainability goals and environmental, social, and
governance (ESG) compliance.

Green Catalysis: Redefining Selectivity and
Efficiency:Catalysis lies at the heart of modern organic
synthesis, especially in the context of pharmaceutical
development  where  selectivity, yield, and
sustainability are paramount. Green chemistry
redefines catalysis not merely as a tool for efficiency
but as a transformative strategy to minimize waste,
reduce energy input, and avoid toxic reagents. Green
catalysis thus encompasses the development and
application of non-toxic, reusable, and energy-
efficient catalytic systems that enhance the
environmental and economic profiles of drug
synthesis.This section elaborates on the major classes
of green catalysts, their advantages over traditional
stoichiometric reagents, and their integration in
pharmaceutical chemistry.

Principles of Green Catalysis:In accordance with the
12 Principles of Green Chemistry, catalysis aligns
most directly with:Reductions, cross-couplings, and
asymmetric transformations. Principle 9 (Catalysis
over Stoichiometry): Catalytic reagents, especially
those that are selective and reusable, reduce the total
chemical input and waste generated in a
process.Principle 3 (Less Hazardous Synthesis):
Catalysts enable milder reaction conditions, thus
reducing the need for hazardous reagents.Principle 5
(Safer Solvents and Auxiliaries): Green catalysts are
often compatible with environmentally benign
solvents or operate in solvent-free systems.The
benefits of green catalysis are especially pronounced
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in reactions that are traditionally energy-intensive or
generate substantial waste—such as oxidations
Categories of Green Catalysts:Biocatalysts (Enzymes
and Whole Cells).Biocatalysis utilizes natural or
engineered enzymes to perform highly selective
transformations under mild, aqueous, and non-toxic
conditions. These catalysts offer:High regio-, chemo-,
and  enantioselectivity.Operation  at  ambient
temperature and pressure.Compatibility with water as
solvent.Applications in Drug
Synthesis: Transaminases for the synthesis of chiral
amines (e.g., Sitagliptin).Ketoreductases in the
asymmetric reduction of ketones for statin
intermediates.Lipases and esterases in resolution of
racemates and transesterification.Enzymes can be
immobilized for continuous flow use, enhancing their
stability and recyclability.

Homogeneous Catalysts:Homogeneous catalysts are
typically soluble in the reaction medium, providing
uniform  interaction with  substrates.  Green
homogeneous catalysts are those that operate in water
or green solvents.Exhibit high turnover numbers
(TON) and turnover frequencies (TOF).Use earth-
abundant metals or organocatalysts.Examples in
Green Drug Synthesis:Iron and copper-based catalysts
in C-H activation and coupling reactions as
sustainable palladium  or
platinum.Organocatalysts, such as proline or cinchona
alkaloids, in asymmetric aldol or Michael additions,
avoiding metal contamination.Despite their high
activity, homogeneous catalysts can be challenging to
recover, limiting their industrial utility unless
recycling systems are integrated.

Heterogeneous Catalysts:These catalysts exist in a
different phase than the reactants (usually solid in a

alternatives to

liquid phase reaction) and can be easily separated and
reused, a key advantage in industrial-scale
synthesis.Advantages:Easy recovery and
reuse.Compatibility with continuous-flow
systems.Potential for reduced product contamination
(no metal leaching).Green Examples:Solid acid/base
catalysts (e.g., zeolites, montmorillonite clay) in
multicomponent reactions and
condensations.Supported metal nanoparticles (e.g.,
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Pd/C, AuTiO2) in hydrogenations and C-C
coupling.Metal-organic frameworks (MOFs), which
provide high surface area, tunable pore size, and
modular functionality.Heterogeneous catalysts are
particularly suitable for the flow synthesis of APIs,
improving sustainability metrics like the E-factor and
PMI.

Emerging Catalytic Paradigms: Photocatalysis-
Photocatalysis employs light to activate a catalyst
(often a semiconductor or photosensitizer), initiating
redox reactions. This is ideal for minimizing thermal
energy input.Examples:Eosin Y, an organic dye,
catalyzes visible-light photoredox reactions to form
C—C and C-N bonds under ambient conditions.TiO: is
used in green oxidations of alcohols to aldehydes or
ketones using sunlight or LED sources.Photocatalysis
avoids harsh oxidants or reductants and offers tunable
selectivity via light modulation.

Case Studies in Green Catalytic Drug Synthesis

Electrocatalysis:Electrocatalysis replaces chemical
oxidants/reductants with electricity, offering precision
control over redox processes.Benefits:Eliminates the
use of stoichiometric oxidants.Potential for renewable
energy integration (e.g., solar-powered
electrochemical cells).Scalable and easily controlled
via current or voltage adjustments.Electrosynthesis is
increasingly explored in late-stage functionalization of
drug molecules, a critical area in medicinal chemistry.
Single-Atom Catalysts (SACs):SACs consist of
isolated metal atoms dispersed on a support material,
maximizing atom efficiency and catalytic surface
area.Pharmaceutical ~Advantages:Ultra-low  metal
loading.High selectivity for target
transformations.Lower risk of metal contamination in
APIs.SACs of Fe, Ni, or Cu are under investigation for
C-H activation, amination, and hydroxylation
reactions in green drug synthesis.

Drug/Intermediate ” Catalyst Type H Green Benefit
Sitagliptin H Biocatalyst (transaminase) H Mild aqueous conditions, improved yield
Atorvastatin side chain H Organocatalyst (Proline) H Metal-free, high enantioselectivity

Supported Pd catalyst

|
|
|
‘ Ibuprofen intermediate H
|
|

|
|
|
Solvent-free C—C coupling, recyclable catalyst ‘
|
|

Naproxen H Photocatalyst (Eosin Y) H Light-driven oxidation, no heavy metals
Artemisinin derivative ” Electrocatalysis H Redox transformation without toxic oxidants
Industrial Integration and Sustainability reaction efficiency, reduce waste, enhance safety, and

Metrics:Pharmaceutical companies are increasingly
evaluating catalytic processes
chemistry metrics such as Turnover number (TON):
How many reactions a catalyst performs before
deactivation.E-factor: Waste generated per kilogram
of product.Catalyst recyclability and metal leaching:
Key in maintaining GMP standards for final drug
products.Companies like Pfizer, Novartis, and Merck

based on green

now assess these metrics during process development
to prioritize greener catalytic routes.

VI. CASE STUDIES IN GREEN
PHARMACEUTICAL SYNTHESIS

Green chemistry, though still emerging in some areas
of pharmaceutical manufacturing, has already
demonstrated transformative impact in numerous case
studies. These

environmentally conscious methods can improve

examples illustrate how
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minimize the use of toxic reagents—all without
sacrificing the quality or efficacy of the drug
product.This section presents selected case studies
from both industry and academic research, showcasing
the application of various green chemistry strategies
including biocatalysis, flow chemistry, solvent-free
synthesis, green catalysis, and renewable feedstock
utilization in the synthesis of high-profile drugs.

Sitagliptin (Januvia®): Biocatalysis Replacing Metal
Catalysis:Pharmaceutical Use: Treatment of type 2
diabetes  (DPP-4  inhibitor).Green = Chemistry
Principle(s): Catalysis, Safer Chemicals, Waste
Prevention.Traditional  Process:Utilized rhodium-
catalyzed asymmetric hydrogenation of a ketone to
produce the chiral amine intermediate.Required high
pressure hydrogen, precious metals, and generated
significant waste.Green Alternative:Merck & Codexis
engineered a transaminase enzyme via directed
evolution.Enabled asymmetric reductive amination of
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the ketone using ammonia borane as the reducing
agent.Operated in aqueous medium under mild
conditions.Outcomes:99.95% enantiomeric excess
(ee).19% reduction in waste 10-13% increase in
yield.Eliminated heavy metal catalyst and pressurized
hydrogen.Reduced process mass intensity
(PMI).Significance: One of the first green biocatalytic
processes scaled up for a blockbuster drug, setting a
precedent for enzyme-catalyzed industrial synthesis.

Ibuprofen: ~ Continuous  Flow and  Process
Intensification:Pharmaceutical Use: Non-steroidal
anti-inflammatory drug (NSAID).Green Chemistry
Principle(s):  Process  Intensification,  Energy
Efficiency, Waste Minimization.Traditional
Process:Multi-step ~ batch  synthesis  involving
chlorinated solvents and low atom economy.High
waste generation and energy consumption.Green
Innovation by BASF (Boots-Hoechst-Celanese
Process):Introduced a three-step continuous flow
synthesis  using:Friedel-Crafts  acylation.1,2-aryl
migration Hydrolysis.Used heterogeneous acid
catalysts and recyclable solvents.Outcomes:77%
overall yield.Atom economy increased from ~40% to
>80%.Solvent  recycling and elimination of
chlorinated byproducts.Lower energy input and
shorter residence times.Significance: Regarded as a
model of green process intensification, showing that
flow chemistry can dramatically reduce the
environmental burden of high-volume drugs.

Galidesivir: Renewable Feedstocks and Synthetic
Simplification:Pharmaceutical Use: Broad-spectrum
antiviral agent.Green Chemistry Principle(s): Use of
Renewable Feedstocks, Step Reduction, Cost
ReductionOriginal Synthesis:15-step synthetic route
from petrochemical derivatives.High cost (~$75 per
gram) and long production time (~9 days).Green
Innovation (Adam Kovaléik, 2025):Developed a novel
synthesis starting from furfuryl alcohol derived from
corn husks.Reduced to 10 steps, using biomass-based
raw materials.Outcomes:Production time reduced to 5
days.Cost reduced to ~$12.50 per gram.Yield and
purity consistent with pharmaceutical
standards.Significance: Demonstrates the viability of
using agricultural waste for the synthesis of high-value
pharmaceuticals, with implications for pandemic
preparedness and cost accessibility.

Artemisinin: Semi-Synthetic Route Using Microbial
Engineering:Pharmaceutical ~ Use: = Antimalarial
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compound.Green Chemistry Principle(s): Renewable
Feedstocks, Biosynthesis, Atom Economy.Traditional
Process:Extracted from Artemisia annua in low
yields.Agricultural production is slow and climate-
sensitive.Green Semi-Synthetic Route (Amyris +
Sanofi):Engineered Saccharomyces cerevisiae (yeast)
to biosynthesize artemisinic acid, a precursor to
artemisinin

Downstream photooxidation and chemical conversion
completed the synthesis.Outcomes:Reliable, scalable
production of artemisinin  precursors.Reduced
dependence on agricultural cycles.Lower land and
water use.Supported by WHO and Gates Foundation
for malaria eradication.Significance:A landmark
example of integrating synthetic biology with green
chemical synthesis for a critical global health drug.
Aqueous-Phase c-C Bond
Formation:Pharmaceutical Use: Estrogen receptor
modulator for breast cancer treatment.Green
Chemistry Principle(s): Safer Solvents, Catalysis,
Waste  Reduction.Traditional ~ Process:Required
organic solvents (e.g., THF, DCM) and excess
reagents for cross-coupling reactions.Multiple

Tamoxifen:

purification steps and solvent recovery.Green
Approach:Micellar catalysis in water using TPGS-
750-M as surfactant.Enabled Suzuki—Miyaura cross-
coupling under aqueous conditions with low Pd
loading.Outcomes:High yields with >95%
purity.Simplified workup and lower solvent
usage.Reduced metal contamination in final
product.Significance: Demonstrates that complex
drug-like molecules can be synthesized in water using

low-toxicity ~ conditions  without  sacrificing
performance.

Amoxicillin: Enzyme-Catalyzed Industrial Antibiotic
Synthesis:Pharmaceutical Use: B-lactam

antibiotic.Green Chemistry Principle(s): Biocatalysis,
Mild Conditions, Waste Prevention.Traditional
Process:Chemically acylated 6-APA with
phenylglycine derivatives.Required strong acids,
multiple organic solvents, and low selectivity.Green
Process:Used penicillin acylase to catalyze selective
amidation in aqueous media.Operated under neutral
pH and ambient temperature.Outcomes:Reduced use
of toxic solvents.High selectivity for desired
isomer.Enzyme reused across multiple
batches.Significance: One of the earliest successful
enzyme-mediated antibiotic syntheses, enabling large-
scale production with minimal environmental impact.

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 1505



© January 2026 | IJIRT | Volume 12 Issue 8 | ISSN: 2349-6002

Green Pharmaceutical Case Studies Table

G Chemist Principl
Drug Name ||Green Approach reerll CHIsTY rineipies Key Benefits
Applied
. . . Catalysis, Safer Chemicals, Waste|[High selectivity, no metals, reduced
Sitagliptin ||Biocatalysis .
Prevention waste
Ibuprofen Continuous Flow||Process Intensification, Atom|/Shorter process, solvent reuse, improved
P Synthesis Economy atom economy
.. . . |/Biomass-Derived Renewable Resources, Step||Cost-effective, biomass use, shortened
Galidesivir )
Feedstock Economy synthesis
. . . ||Engineered Renewable Feedstocks,||Scalable, climate-independent, reliable
Artemisinin|| . . .
Biosynthesis Biotechnology supply
Tamoxifen Aqueou.s Micellar||Safer 'Solvents, Low Toxicity||Water-based, high purity, recyclable
Catalysis Catalysis catalyst
. ...._||Enzyme-Catalyzed Biocatalysis, Mild Conditions,|[Fewer byproducts, reusable enzyme,
Amoxicillin T . ..
Amidation Efficiency reduced toxicity

Reflections and Implications:These case studies
highlight several key themes:Economic Viability:
Green processes often reduce long-term costs through
improved yields and reduced raw material
use.Scalability: Many green techniques are compatible
with industrial-scale production, particularly flow
chemistry and biocatalysis.Regulatory Compliance:
Processes that reduce metal residues and solvent use
simplify GMP  compliance and FDA/EMA
approval.Accessibility and Equity: Cost-effective
green synthesis enables broader access to essential
medicines in low-resource settings.

Green Anti-Cancer Drugs:Cancer remains one of the
leading causes of death globally, and the demand for
effective chemotherapeutic agents continues to rise.
However, the synthesis of anticancer drugs is among
the most resource- and waste-intensive areas in
pharmaceutical manufacturing. These compounds
often feature complex molecular architectures,
multiple stereocenters, and require numerous
protection/deprotection steps, heavy metals, and
halogenated solvents.Green chemistry offers a
transformative  framework to address these
inefficiencies, aiming to make the development of
anti-cancer drugs more sustainable, cost-effective, and
safer—both in terms of manufacturing and for the
environment Challenges in Traditional Anti-Cancer
Drug Synthesis.High Structural Complexity: Requires
multi-step synthesis with low overall yields.Toxic
Reagents and Solvents: Use of chlorinated solvents,
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carcinogenic intermediates, and precious metal
catalysts.Waste Generation: High E-factors (often
>100), particularly in late-stage
functionalization.Energy-Intensive Conditions: Many
reactions require cryogenic or high-temperature
conditions.Low Sustainability of Feedstocks: Derived
primarily from petrochemical sources.

Green Chemistry Innovations in Oncology Drug
Development:a) Green Solvent Systems for Synthesis
of Kinase Inhibitors.Kinase inhibitors such as imatinib
(Gleevec®), erlotinib, and sunitinib are important
targeted cancer therapies. Green chemistry strategies
for their synthesis include:Replacement of hazardous
solvents with ethanol, ethyl acetate, or aqueous
biphasic media.Use of micellar catalysis for Suzuki—
Miyaura couplings in water, reducing reliance on
DMF, NMP, or THF.Employing aqueous-phase
palladium catalysis under ambient conditions with low
metal loading.Case  Example: Aqueous-based
synthesis of a pyrazole-based kinase inhibitor
achieved 92% yield and >99% purity using a micellar
medium and a recyclable Pd catalyst at room
temperature.

b) Biocatalysis in the Synthesis of Anti-Cancer
Scaffolds:Enzyme-catalyzed reactions have been
increasingly used to build complex scaffolds found in
anti-cancer agents such as epothilones, taxanes, and
anthracyclines.Ketoreductases (KREDs) for
stereoselective reduction of intermediates in taxol
synthesis.Glycosyltransferases for the late-stage
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modification of anthracycline analogs (e.g.,
doxorubicin), enabling diversification of glycoside
patterns.Transaminases and esterases for chiral
resolution and side chain modification.Case Example:
A biocatalytic step using engineered KREDs in taxane
analog synthesis replaced a multi-step chemical
reduction, achieving >95% ee and significantly
reducing solvent use.

¢) Flow Chemistry for Safer Synthesis of Cytotoxic
Agents:Anti-cancer compounds are often cytotoxic,
posing health risks to personnel during synthesis. Flow
chemistry offers an inherently safer
alternative:Minimizes operator exposure due to
enclosed systems.Enhances heat and mass transfer,
allowing more selective reactions with fewer
byproducts.Enables the use of short-lived
intermediates (e.g., nitrenes or diazonium salts) that
are hazardous in batch mode.Case Example:
Continuous-flow synthesis of melphalan, an alkylating
agent, resulted in a 50% reduction in waste and
eliminated the use of chloroform in extraction.

d) Use of Renewable Feedstocks and Biobased
Building Blocks:Incorporation of ferulic acid,

Green Metrics and Process Optimization

shikimic acid, and resveratrol derivatives as precursors
for cytotoxic agents.Plant cell cultures used to produce
precursors for vincristine and vinblastine—two
essential anti-mitotic agents.Case Example: Semi-
synthetic production of vinblastine from Catharanthus
roseus cell cultures using green extraction methods
(ethanol/water co-solvent) reduced organic solvent use
by >80%.

Green Nanotechnology in Anti-Cancer Drug
Delivery:Beyond  synthesis, green  chemistry
principles are being applied to the formulation and
delivery of anti-cancer agents, particularly
through:Green synthesis of nanoparticles using plant
extracts as reducing agents (e.g., gold or silver
nanoparticles for doxorubicin delivery).Use of
biodegradable polymers (e.g., polylactic acid,
chitosan) for nanoparticle and
construction.Avoidance of surfactants and solvents
that pose toxicity risks.Case Example: Green-
synthesized curcumin-loaded PLGA nanoparticles
demonstrated enhanced cytotoxicity against breast
cancer cells with improved biocompatibility and
reduced formulation toxicity.

micelle

‘ Drug Name H Green Method Applied H Benefits Achieved ‘
‘ Imatinib H Micellar Pd catalysis H Reduced metal use, aqueous solvent, high yield ‘
‘ Doxorubicin H Enzymatic glycosylation H Stereoselective glycoside variation, reduced steps ‘
‘ Melphalan H Continuous flow synthesis H Safer operation, less waste, no halogenated solvents ‘
‘ Vinblastine H Biobased precursor extraction H 80% solvent reduction, sustainable sourcing ‘
‘ Taxol analogs H KRED-mediated reduction H Improved stereoselectivity, solvent-free conditions ‘

Industrial Implementation and Regulatory
Considerations:Companies such as Novartis, Eli Lilly,
and GSK have initiated green retrosynthetic planning
and sustainable process development for oncology
pipelines. Key strategies include:Applying green
solvent selection guides (e.g., Pfizer Solvent Ranking
Tool).Implementing Life Cycle Assessment (LCA) to
compare  traditional  vs. green  synthesis
routes.Working within ICH QI1 and ICH QS8/Q9
guidelines to ensure that green process changes meet
regulatory expectations for quality and safety.

Future Directions and Outlook:While significant
strides have been made, challenges remain in adopting
green chemistry across the lifecycle of anticancer

drugs:Complexity and diversity of chemical space still
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require bespoke solutions.Biocatalyst development for
remains a
bottleneck.Recyclability of precious metal catalysts in
targeted therapy synthesis must improve.However, the
field is evolving rapidly. Future innovations are likely
to include: Al-driven green retrosynthesis for oncology
candidates.Photobiocatalysis for late-stage
functionalization of cytotoxic agents.Integrated

non-natural substrates

continuous manufacturing platforms combining
synthesis, purification, and formulation of anticancer
compounds in a single green process.Several
pharmaceutical companies have adopted green
strategies in the production of anti-cancer drugs, using
aqueous-based processes and recyclable catalysts.
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These methods not only reduce hazardous waste but
also lower energy consumption by as much as 30%.
Challenges and Future Outlook:While the benefits of
green chemistry are evident, several challenges hinder
its widespread adoption:Technical Barriers: Some
green methods lack robustness across different drug
classes.Cost of Transition: Initial investment in new
technologies and training can be
substantial.Regulatory ~ Ambiguity: Regulatory
frameworks often lag behind technological innovation,
limiting the implementation of novel green
methodologies. To overcome these barriers, a
concerted effort involving academic institutions,
regulatory agencies, and industry stakeholders is
required. Future directions may include Al-guided
reaction optimization, integration of green chemistry
in drug discovery pipelines, and government
incentives for sustainable manufacturing.

VII. CONCLUSION

Green chemistry offers a viable path toward a more
sustainable and responsible pharmaceutical industry.
By rethinking synthetic routes, embracing enzymatic
and continuous processes, and choosing safer reagents
and solvents, medicinal chemists can develop effective
drugs without compromising environmental integrity.
As awareness and innovation continue to grow, green
chemistry is poised to become a cornerstone of modern
drug synthesis, benefiting both human health and the
planet.
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