Review Journal of Neurological
& Medical Sciences Review

Volume 4, Issue 5, 2026

RECENT ADVANCES IN GREEN ORGANIC SYNTHESIS: SUSTAINABLE
APPROACHES FOR MODERN CHEMISTRY

'Abdul Basit Zahid, ?Zaheer Ahmed Mahar, >Aamir Minhas, “Mir Ali Raza
Talpur

Shah Abdul Latif Universfty Khairpur, Sindh, Pakistan
“azaheer1568@gmail.com

Corresponding Authors:

Zaheer Ahmed Mahar
DOI: https://doi.org/10.5281/zenodo.20186873
Received Accepted Published
09 April, 2025 11 May, 2026 14 May, 2026
ABSTRACT

Green Organic Synthesis has progressed from being just an additional environmental goal to a design principle for
contemporary chemistry. The push to find ways to use fewer hazardous reagents, volatile organic solvents, less energy, less
waste in the processes, and fewer fossil-based feeds has spurred the search for more selective, safer, and resource-efficient
and scalable strategies for synthesis. This review critically discusses the recent advances on green organic synthesis
focusing on sustainable reaction media, catalysis, visible-light photocatalysis, electrochemical synthesis, mechanochemistry,
microwave and ultrasound activation, multicomponent and one-pot process, continuousflow technology, renewable
feedstocks, utilization of CO2, and new digital tools for process design. These methods are put into perspective with the
12 principles of green chemistry and their ability to be compared using green metrics like atom economy, Efactor, process
mass intensity, reaction mass efficiency, solvent intensity, and lifecycle assessment. Applications in pharmaceutical
synthesis, fine chemicals, heterocyclic chemistry, polymer and materials preparation and biomass valorization are also
mentioned. While recent advances have shown that high-performance organic synthesis and environmental responsibility
can be mutually supporting, there are still significant issues to address such as recovery of catalysts, end-oflife for solvents,
scaleup reproducibility, substrate scope, accounting energy source, and standardization of sustainability reporting.
However, further development will demand the incorporation of green chemistry with automation, computational
reaction design, in-line analytics, circular carbon approaches and transparent techno-economic and life cycle analysis. In
summary, green organic synthesis is becoming an integral part of a sustainable chemical enterprise and not a
subdiscipline of organic chemistry.

Keywords: Green chemistry, organic synthesis, sustainable chemistry, catalysis, photo catalysis, electro synthesis,
mechanochemistry
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Introduction

Synthesis of pharmaceuticals, agrochemicals,

polymers, dyes, fragrances, electronic materials and
various high value fine chemicals are based on the
principles of organic synthesis. But, the traditional
synthetic approaches are often dependent on the
use of stoichiometric reagents, chlorinated or
petroleum based solvents, heavy-metal catalysts,
protecting group chemistry and high temperatures,
and multistep isolation procedures. These
practices may generate a tremendous amount of
waste and hazard for workers, people and nature.
Because of this, the challenge in the modern world
is not only to make target molecules efficiently, but
to design reactions and processes that are "scale-up"
economically viable, with minimum hazards, and
minimal resources consumed.

Green chemistry is the intellectual basis that is
responsible for this change. Anastas and Warner
have proposed 12 principles that focus on waste
prevention, atom economy, safer synthesis, safer
solvents, energy efficiency, renewable feedstocks,
less derivatization, catalysis, degradation by design,
real-time analysis and inherently safer chemistry.
Sustainable chemistry takes this view much further,
incorporating the relationship between molecular
design, process efficiency and
economy and society. Today, synthetic chemistry is
no longer just about the question of desirability of
a "greener" method, but about how to make it
sustainable and make it selective, productive,
robust, affordable, and industrially scalable.

environment,

The recent development shows that green organic
synthesis is not limited to the use of a substitute of
a solvent or reduction of the reaction temperature.
Today, there are integrated platforms in which
catalysis, alternative activation modes, process
intensification, renewable feedstocks and data-
driven optimization go hand in hand. The use of
the radical pathway in mild conditions can be
helped by using photocatalysis in the visible light
region; the use of stoicheiometric
oxidants/reductants can be reduced by using
electron reactions; the amount of solvents can be
reduced by using mechanochemistry; the use of
biocatalysis which provides highly selective
transformations in water or mild conditions; the
use of continuous flow which improves heat
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transfer and mass transfer; and the wuse of
multicomponent reaction which increases the
speed of building up of the complex structures and
reduces purification steps. All of these strategies are
based on a change from end-ofpipe waste
treatment to design level waste prevention.

This review is designed to present a concise and
comprehensive view of the progress on green
organic synthesis in recent years and their role in
sustainable modern chemistry. Green Metrics, key-
enabling technologies, applications, limitations,
and future directions are discussed. The review
focuses on a systems approach to green chemistry,
the goal of which is to find the route to the desired
molecular function that involves the least total
impact in terms of material input, toxicity, energy
consumption, waste, cost, and operational risk.

2. Conceptual Framework and Literature Scope
This review will highlight the advancements that
influenced green organic synthesis in the past
decade especially after 2020. Fundamental matters
like atom economy, E-factor and the 12 principles
of green chemistry are also covered as recent
developments are best understood with respect to
these. The focus is on peer-reviewed perspectives,
reviews and representative research articles on the
topics of green solvents, catalysis, photochemistry,
electrochemistry, mechanochemistry, flow
chemistry, multicomponent reactions, biocatalysis,
biomass valorisation and green metrics.

The focus is deliberately focussed on organic
synthesis and not on all aspects of sustainable
chemistry. For this reason, the subjects of analytical
chemistry, environmental remediation, green
extraction and materials processing are not
discussed wunless it is relevant to synthetic
methodology. The review also does not assume that
all the other solvents and catalytic systems are
green. For instance, although ionic liquids have
near zero vapour pressure, there are potential
concerns about their synthesis, toxicity, persistence
and recyclability. Likewise, photocatalysis and
electrosynthesis are not sustainable without
looking into energy source, durability of the
catalyst, concentration of the reaction, the choice
of solvent, and work-up.
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A theme that can be seen throughout this review is
that sustainability should be demonstrated. The
yield is not alone enough for greenness. While a
reaction that has a 95% vyield in dilute chlorinated
solvent and reagent with column
chromatography may not be as "green" as a reaction
that has a 90% yield, a catalytic reaction with
recyclable solvents, and direct crystallization.
Hence, quantifiable indicators and clear reporting
of solvent consumption, reagent stoichiometry,
catalyst content, energy consumption, purification
requirements and scalability are the main points of
interest of the review.

3. Principles and Metrics
Greenness

The 12 principles of green chemistry continue to
be the most commonly used conceptual tool for
the design of sustainable molecules and processes.
Waste prevention, atom economy, less hazardous
synthesis, safer solvents and auxiliaries, energy
efficiency,  renewable  feedstocks,  reduced
derivatization and catalysis are the most relevant
principles for organic synthesis. These principles
inspire chemists to consider if a transformation can
be carried out catalytically instead of
stoichiometrically, if a solvent is really needed, if a
protecting group is an absolute requirement, if the
reaction can be conducted at room temperature, or
if a carbon source other than fossil fuel can be used
as a starting material.

The principles are qualitative and quantitative
metrics are required. The atom economy is a
measure of the percentage of atoms of the reactants
that become atoms of the desired product. It is

Table 1:

€XCess

for Evaluating
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helpful during the reaction design phase
particularly in the comparison of addition,
substitution, elimination and rearrangement

reactions. But Atom economy does not include
solvent, yield, excess reagent, catalyst or work-up.
Sheldon's E-factor is a measure of waste produced
per mass of product. It is particularly effective in
that it directly mirrors the waste load and has given
impetus to process investigation in the fine
chemicals and pharmaceuticals industries. In
pharmaceutical process chemistry, the process mass
intensity (PMI) is more useful for making
comparisons on an industrial scale, and it is the
total mass of all materials consumed per mass of
product.

Reaction mass efficiency, carbon efficiency, solvent
intensity, energy intensity, and life-cycle assessment
add further depth. Lifecycle assessment is
important when a route uses renewable energy, a
bio-based solvent, or a recyclable catalyst because
upstream and downstream impacts may dominate.
For example, a solventfree ballmilling reaction
may have excellent solvent metrics, but electricity
use, milling media wear, and scalability must still
be evaluated. Conversely, an aqueous reaction may
appear green, but large quantities of contaminated
wastewater can undermine the advantage. The
strongest sustainability claims therefore combine
multiple metrics rather than relying on a single
number.

Table 1 summarizes major metrics commonly
used in green organic synthesis and explains their
relevance.

Selected green chemistry metrics used in organic synthesis

Metric Basic meaning

Strength

Limitation

Fraction of reactant
atoms incorporated into
product

Mass of waste divided by

Atom economy

E-factor
mass of product
Total material input
PMI .
divided by product mass
Combines yield,
Reaction mass efficiency  stoichiometry, and atom
economy
Solvent intensity Mass or volume of

Useful at early route
design stage

Directly highlights waste
generation
Practical

for  process

chemistry and scale-up
Better than yield alone

Important because

Ignores solvent, yield,

work-up, and toxicity

Requires clear boundary
definition
May need  detailed

process inventory

Still incomplete without
hazard and energy data

Does not always capture

https://rinmsreview.com

| Zakria et al., 2026 |

Page 417



« @ & Medical Sciences Review

Volume 4, Issue 5, 2026

solvent per product mass solvents often dominate solvent  toxicity = or
waste recovery
. Environmental impact Captures upstream and Requires data-intensive
Life-cycle assessment ) i
across process life cycle downstream burdens assumptions

4. Recent Sustainable Approaches in Organic
Synthesis

4.1 Green Solvents and Alternative Reaction
Media

Solvents are among the largest contributors to
waste in organic synthesis. Traditional solvents
such as dichloromethane, chloroform, benzene,
and certain dipolar aprotic solvents raise concerns
because of toxicity, volatility, persistence, or
regulatory pressure. Greener solvent strategies
include the use of water, ethanol, ethyl acetate, 2-
methyltetrahydrofuran, dimethyl  carbonate,
propylene carbonate, supercritical carbon dioxide,
deep eutectic solvents, natural deep eutectic
solvents, and solventminimized or solventfree
systems. The choice of solvent must consider not
only acute toxicity but also source, recyclability,
biodegradability, boiling point, energy of recovery,
compatibility ~with  product isolation, and
environmental persistence.

Water is attractive because it is non-lammable,
inexpensive, and abundant. Yet many organic
substrates are poorly soluble This
limitation has stimulated “on-water” chemistry,

in water.

surfactant-assisted micellar catalysis, and aqueous
biphasic catalysis. Micellar catalysis uses surfactant
assemblies as nanoreactors, allowing hydrophobic
substrates to react within organized domains while
water serves as the bulk medium. The approach has
been used in cross-coupling, amidation, reductions,
oxidations, and multicomponent transformations.
Its advantages include lower organic solvent use,
milder conditions, and potential catalyst recycling.
However, production,
treatment, foaming, and product isolation must be
considered.

surfactant wastewater

Deep eutectic solvents have gained attention
because they are often prepared by mixing
hydrogen-bond donors and acceptors to form a
low-melting liquid. Their tunability, low wvapor
pressure, and potential use of bio-derived
components make them attractive. In organic
synthesis they can act as solvent, catalyst, template,
or stabilizing medium. Natural deep -eutectic
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solvents based on compounds such as choline
chloride, sugars, organic acids, urea, glycerol, and
amino  acids are  particularly  appealing.
Nevertheless,  “deep  eutectic” does  not
automatically mean sustainable; viscosity, mass-
transfer limitations, toxicity, biodegradability, and
recyclability must be reported.

A major recent trend is solvent selection through
guides and digital tools rather than intuition.
Pharmaceutical and fine-chemical industries
increasingly apply solvent selection guides that rank
solvents according to safety, health, environmental,
and life-cycle criteria. Future green synthesis will
likely combine solvent selection with real-time
process metrics, enabling chemists to choose
conditions  that optimize  reactivity and
sustainability simultaneously.

4.2 Catalysis as a Core Strategy

Catalysis is central to green organic synthesis
because  catalytic  processes can  reduce
stoichiometric waste, improve selectivity, lower
energy demand, and avoid unnecessary protecting-
group chemistry. Homogeneous transition-metal
catalysis remains important for C-C, CN, C-O,
and CS bond formation, but sustainability
concerns include metal scarcity, toxicity, ligand
synthesis, catalyst recovery, and product
contamination. Greener catalyst design increasingly
emphasizes earth-abundant metals such as iron,
copper, nickel, cobalt, and manganese, as well as
ligand-free or recyclable systems.

Heterogeneous catalysis offers advantages in
catalyst separation and reuse, especially when
catalysts can be immobilized on recyclable supports.
Nanocatalysts, magnetic catalysts, supported metal
nanoparticles, metal-organic frameworks, covalent
organic frameworks, and carbon-based catalysts
have been widely explored. Their high surface area
can improve activity, but careful reporting is
needed to distinguish true heterogeneous catalysis
from leached homogeneous species. Catalyst
recovery over multiple cycles, metal leaching,
activity loss, and end-oflife disposal are essential
sustainability criteria.
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Organocatalysis provides metalfree routes to
asymmetric and non-asymmetric transformations.
Amines, N-heterocyclic carbenes, thioureas,
squaramides, phosphines, Bronsted acids, and
phase-transfer catalysts can promote aldol, Michael,
Mannich, Diels-Alder, acylation, and cascade
reactions. Organocatalysts are often compatible
with mild conditions and can avoid metal residues
in pharmaceutical products. Recent advances
combine organocatalysis with photoredox catalysis,
electrosynthesis, flow chemistry, and biocatalysis to
create hybrid activation modes.

The most sustainable catalytic processes are not
merely catalytic in name; they use low catalyst
loading, avoid metals, work under
concentrated conditions, minimize solvent and
additive use, provide high selectivity, and allow easy
catalyst/product separation. Catalyst design is
therefore moving toward integrated performance
metrics that include turnover number, turnover
frequency, atom economy, energy input, product
isolation, and catalyst life cycle.

4.3 Biocatalysis and Enzyme Engineering
Biocatalysis is one of the most mature and
powerful green approaches in organic synthesis.
Enzymes offer exceptional chemo-, regio-, and
stereoselectivity under mild conditions, often in
water or mixed aqueous media. Their selectivity
can reduce the need for protecting groups and
lengthy purification. Modern protein engineering,
directed evolution, genome mining, metagenomics,
machine learning, and high-throughput screening
have expanded the reaction scope of enzymes
beyond their natural functions.

Recent biocatalytic advances include engineered
transaminases, imine reductases, ene-reductases,
monooxygenases, halogenases, ketoreductases,
lipases, nitrilases, aldolases, and artificial
metalloenzymes. These biocatalysts have enabled
asymmetric  amination, selective  oxidation,
reduction, C-H functionalization, halogenation,
kinetic resolution, dynamic kinetic resolution, and
cascade synthesis. In pharmaceutical chemistry,
biocatalytic steps have improved routes by
replacing precious metal catalysts, avoiding high-
pressure hydrogenation, and providing high
enantiopurity.

toxic
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Biocatalytic cascades are particularly aligned with
green chemistry. Multiple can be
combined in one pot to convert simple starting
materials into complex products without isolating
intermediates. Cascades reduce solvent use,
purification steps, and time. Cofactor regeneration
is a crucial design feature because stoichiometric
use of cofactors would be economically and
environmentally  unsustainable.  Immobilized
further improve recyclability and
continuous-flow compatibility.

enzymes

enzymes

Challenges remain. Enzymes may have narrow
substrate scope, low stability in organic solvents,
limited tolerance for high substrate concentrations,
or require expensive cofactors. Scaleup can be
affected by oxygen transfer, mixing, enzyme cost,
and  downstream  processing.  Nevertheless,
advances in enzyme discovery and engineering are
rapidly transforming biocatalysis from a niche
technology into a mainstream tool for sustainable
synthesis.

4.4 Visible-Light Photocatalysis and Photoredox
Chemistry

Visible-light photocatalysis has emerged as a major
enabling technology for green organic synthesis. By
using light as a traceless energy input,
photocatalysis can activate substrates under mild
conditions and access radical intermediates that are
difficult to generate by classical two-electron
pathways. Photoredox catalysis commonly involves
metal complexes, organic dyes, semiconductor
materials, metal-organic frameworks, covalent
organic  frameworks, carbon  nitride, or
heterogeneous photocatalysts.

The sustainability value of photocatalysis comes
from mild reaction temperatures, reduced reliance
on stoichiometric radical initiators, compatibility
with late-stage functionalization, and the possibility
of solar or low-energy LED irradiation. Important
transformations include C-H functionalization,
radical additions, cross-dehydrogenative coupling,
oxidative and reductive coupling, dehalogenation,
decarboxylative  reactions,  cyclizations,  and
heterocycle synthesis. Photocatalysis is also
important for carbon dioxide reduction and
biomass-derived platform molecule upgrading,
although these areas often overlap with energy
chemistry.
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Recent materials advances have expanded the field
beyond homogeneous ruthenium and iridium
photocatalysts. Organic photocatalysts, recyclable
polymers, graphitic carbon nitride, MOFs, COFs,
and semiconductor heterostructures are being
developed to improve light absorption, charge
separation, stability, and recyclability.
Heterogeneous photocatalysis can simplify catalyst
recovery, but mass-transfer limitations and light
penetration must be addressed.

The main limitation of photochemical scale-up is
the Beer-Lambert law: light penetration decreases
with path length, making large batch reactors
inefficient.  Continuousflow  photochemistry
addresses this problem by using narrow channels
and high surface-area-to-volume ratios. As a result,
the combination of photochemistry with flow
reactors is one of the most important directions for
scalable green synthesis. The green credentials of
photocatalysis should still include catalyst origin,
solvent choice, light source efficiency, reaction
concentration, and downstream purification.

4.5 Electrochemical Organic Synthesis

Organic electrosynthesis uses electrons as reagents
to drive oxidation or reduction. This makes it
attractive from a green chemistry perspective
because it can replace stoichiometric oxidants and
reductants, reduce salt waste, and allow precise
control of redox potential. Electrochemical
methods have been applied to C-H activation,
oxidative coupling, reductive coupling,
deprotection, halogenation, amination,
sulfonamide synthesis, heterocycle construction,
and functional-group interconversion.

Recent advances have focused on userfriendly
electrochemical equipment, redox mediators,
paired electrolysis, divided and undivided cells,
supporting-electrolyte reduction, electrode material
optimization, and flow electrolysis.  Flow
electrosynthesis is especially important because it
improves mass transfer, decreases interelectrode
distance, reduces ohmic drop, enhances heat
management, and supports scale-up by numbering-
up reactor units. Flow systems also allow in-line
monitoring and rapid optimization. Electro
synthesis becomes particularly powerful when
coupled with photochemistry, organocatalysis,
transition-metal catalysis, or mechanochemistry.

https://rinmsreview.com

| Zakria et al., 2026 |

Volume 4, Issue 5, 2026

Electrophotocatalysis can access highly oxidizing or
reducing states under milder potentials.
Mechanochemically mediated electrosynthesis is an
emerging platform that combines minimal solvent
use with controlled redox input during milling.
Such hybrid systems demonstrate how green
synthesis is moving toward integrated activation
strategies rather than single-method solutions.
Despite its promise, electrosynthesis faces barriers:
electrode fouling, limited substrate solubility,
electrolyte waste, cell standardization,
reproducibility, and the need for electrochemical
expertise. Sustainability claims also depend on the
electricity source. Electrosynthesis powered by
renewable electricity has a stronger environmental
case than electrosynthesis powered by high-carbon
grids. Future work should report faradaic efficiency,
cell voltage, energy consumption, electrode
durability, electrolyte recovery, and PMI alongside
yield.

4.6 Mechanochemistry and Solvent-Free Synthesis
Mechanochemistry  uses  mechanical  force,
commonly ball milling or twin-screw extrusion, to
promote chemical transformations. It has become
one of the most visible
strategies in green organic synthesis. Reactions can
often be performed with no solvent or with
catalytic amounts of liquid-assisted grinding. This
reduces allows high reactant
concentration, and can enable reactions between
poorly soluble solids.

Mechanochemical organic synthesis has been
applied to condensations, oxidations, reductions,
cycloadditions, C-C coupling, CN coupling,
organocatalytic  reactions, peptide  synthesis,
heterocycle construction, polymer modification,
and pharmaceutical salt or cocrystal preparation.
The method can provide shorter reaction times
and different selectivity compared with solution-
phase chemistry. Liquid-assisted grinding can tune
reaction outcomes by adding a small amount of
liquid without converting the process into
conventional solution chemistry.

Recent developments include mechanoredox
chemistry, mechanoenzymology, gas-solid
mechanochemistry, mechanochemical CH
functionalization, and integration with

solvent-minimizing

solvent waste,

electrochemistry.  Twin-screw  extrusion  is
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particularly relevant for scale-up because it enables
continuous processing and better control of
residence time, shear, and heat than small ball
mills. This makes mechanochemistry attractive for
pharmaceutical and materials manufacturing.
However, solventfree does mean
impactfree. Energy consumption, milling media
wear, temperature rise, reproducibility, scale
translation, containment, and cleaning must be
considered. Some reactions require excess solid
reagents or difficult product separation, which can
increase Mechanochemistry is most
convincing when solvent reduction is combined
with high selectivity, low stoichiometric excess,
scalable processing, and clear green metrics.

4.7 Microwave, Ultrasound, and Alternative
Energy Inputs

Microwave-assisted organic synthesis can reduce
reaction times from hours to minutes by rapid and
selective heating. This can energy
efficiency, yield, and product selectivity, especially
for polar reaction mixtures, ionic media, solvent-
free systems, and multicomponent reactions.
Microwave methods have been widely applied in
heterocycle synthesis, condensation reactions,
cycloadditions, esterification, amidation, and
polymer chemistry.

Ultrasound-assisted ~ synthesis  uses  acoustic
cavitation to enhance mass transfer, generate
localized high-energy conditions, and accelerate
reactions. It is useful for heterogeneous systems,
metal-mediated reactions, nanoparticle-supported
catalysis, extraction of bioactive compounds, and
some aqueous or solventminimized reactions.
Ultrasound can reduce reaction temperature and
time, but energy efficiency depends strongly on
reactor design and scale.

Alternative activation methods should be evaluated
carefully. A reaction that is faster under microwave
irradiation is not necessarily greener if it requires a
specialized solvent, low concentration, or difficult
purification. Similarly, ultrasound may improve
laboratory reaction rates but may not translate
directly to large-scale manufacturing. The best
examples combine accelerated kinetics with safer
solvents, high concentration, lower catalyst loading,
and improved work-up.

not always

waste.

improve

https://rinmsreview.com

| Zakria et al., 2026 |

Volume 4, Issue 5, 2026

4.8 Continuous-Flow Chemistry and Process
Intensification

Continuous-flow chemistry is a major platform for
sustainable process intensification. In flow systems,
reagents pass through channels or reactors with
controlled residence time, temperature, pressure,
mixing, and irradiation. Flow reactors provide
superior heat and mass transfer compared with
batch reactors and can improve safety when
handling  hazardous  intermediates,  gases,
exothermic reactions, photochemical reactions, or
electrochemical transformations.

Flow chemistry supports green synthesis in several
ways. It can reduce solvent use by improving
concentration control, minimize side reactions
through short residence times, enable telescoping
of multiple steps, improve catalyst immobilization
and reuse, and allow inline purification or
monitoring. Flow photochemistry improves light
penetration, while flow electrochemistry improves
electrode surface-area-to-volume ratio and mass
transfer.  Gasliquid  reactions  such  as
hydrogenation, oxidation, carbonylation, and
ozonolysis can also become safer and more efficient
in flow.

The sustainability of flow chemistry must be
demonstrated case by case. Pumps, back-pressure
regulators, microreactor fabrication, cleaning, start-
up/shutdown waste, and process control all
contribute to environmental and economic
performance. Flow is particularly advantageous
when it solves a real process limitation: heat
removal, hazardous intermediate containment,
selectivity, scale-up of
photochemistry/electrochemistry, or continuous
manufacturing. It is less compelling if it simply
transfers a poorly designed batch reaction into a
more complex apparatus.

reaction

Current trends include automated  self-
optimization, modular flow platforms, in-line
spectroscopy, machinelearning-guided reaction

screening, integrated downstream separation, and
distributed manufacturing. These developments
suggest that continuous flow will be a central
technology for future sustainable chemical
production.
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4.9 Multicomponent, OnePot, and Cascade
Reactions

Multicomponent reactions are one-pot processes in
which three or more starting materials combine to
form a product that incorporates substantial
portions of each component. Examples include the
Ugi, Passerini, Biginelli Hantzsch, Mannich,
Groebke-Blackburn-Bienaymé, and related
heterocycle-forming reactions. MCRs are attractive
because they rapidly generate molecular complexity,
reduce step count, minimize intermediate isolation,
and often show good atom economy.

Recent work has expanded green MCRs through
water-mediated conditions, solventfree methods,
recyclable catalysts, ionic liquids, deep eutectic
solvents, microwave activation, photoredox
activation,  electrochemical  activation, and
biocatalytic MCRs. Heterocycle synthesis is a
particularly active area because heterocycles are
important in pharmaceuticals, agrochemicals, dyes,
and functional materials. Green MCRs can provide
libraries of biologically relevant scaffolds with
reduced time and waste.

One-pot and cascade reactions extend the same
philosophy beyond classical MCRs. In a cascade,
the product of one step becomes the substrate for
the next without isolation. Catalytic cascades can
combine organocatalysts, enzymes, metals, acids,
bases, photocatalysts, or electrochemical steps.
These strategies reduce solvent consumption,
purification burden, and overall PMI. However,
compatibility between catalysts and reaction
conditions is challenging. Side reactions can
accumulate, and purification may become difficult
if each step is not highly selective.

The green value of one-pot chemistry is strongest

when it avoids protecting groups and
chromatography, uses catalytic rather than
stoichiometric activation, and delivers high

product purity through crystallization, extraction,
filtration, or continuous separation.

4.10 Renewable Feedstocks, Biomass Valorization,
and Carbon Dioxide Utilization

A sustainable chemical industry cannot rely
indefinitely on fossil carbon. Renewable feedstocks
such as carbohydrates, lignin, terpenes, vegetable
oils, glycerol, amino acids, lactic acid, furans,
levulinic acid, succinic acid, and bioethanol are
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increasingly used as starting materials or solvent
sources. Biomass valorization aims to convert
renewable raw materials into platform chemicals
that can enter existing or redesigned synthetic
routes.

Important biomass-derived platform molecules
include 5-hydroxymethylfurfural, furfural, levulinic
acid, gamma-valerolactone, sorbitol, glycerol, lactic
acid, and succinic acid. These compounds can be
transformed into solvents, fuels,
pharmaceutical intermediates, and fine chemicals.
Catalytic oxidation, hydrogenation, dehydration,
esterification, reductive amination, and C-C bond
formation are key reactions in biomass upgrading.

MoONnomers,

The challenge is to avoid replacing one
sustainability problem with another: biomass
routes must account for land use, water

consumption, fertilizer inputs, food competition,
and supply-chain variability.

Carbon dioxide utilization is another important
direction. CO2 is abundant, inexpensive, and non-
toxic, but thermodynamically stable. Green organic
synthesis uses CO2 in carboxylation, carbonate
formation, carbamate synthesis, urea derivatives,
cyclic  carbonates  from  epoxides, and
electrochemical or photochemical reduction. CO2
utilization is most sustainable when it avoids harsh
conditions and produces durable chemicals or
high-value products. It should not be presented as
climate mitigation unless the carbon balance,
energy source, and product lifetime support that
claim.

Waste-derived feedstocks are also gaining attention.
Plastic waste, lignocellulosic residues, food waste,
and industrial by-products can be converted into
chemical building blocks. These approaches align
green synthesis with circular economy principles,
but require impurity-tolerant catalysts and robust
separations.

4.11 Digital Tools, Automation, and Real-Time
Analysis

The next generation of green organic synthesis will
be increasingly digital. Automated reaction
screening, design of experiments, high-throughput
experimentation, machine learning, retrosynthesis
software, and in-line analytics can reduce trial-and-
error experimentation and identify greener
conditions more efficiently. Digital tools can
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photochemistry, continuous hydrogenation, and

yield, selectivity, solvent score, PMI, energy input, electrochemical oxidation/reduction are
cost, and safety. increasingly relevant to drug discovery and
Real-time analysis is one of the 12 principles of manufacturing.

green chemistry because monitoring can prevent
waste and hazards before they occur. Indine
infrared, Raman, UVwisible, NMR, mass
spectrometry, and chromatography can help track
detect by-products, and control
reaction endpoints. In flow chemistry, real-time
analysis can be coupled with automated feedback
to adjust temperature, residence time, reagent ratio,
light intensity, or current.

Data-driven  green  synthesis

conversion,

depends on

Heterocyclic chemistry is another major application
area. Many druglike molecules contain nitrogen,
oxygen, or sulfur heterocycles, and green synthesis
has  provided  efficient routes  through
multicomponent reactions, photocatalysis, aqueous
catalysis, microwave activation, and solventfree
methods. Green heterocycle synthesis is valuable
because it rapidly accesses structural diversity while
reducing time and waste.

In polymer and materials

chemistry, green

transparent and standardized datasets. Many synthesis supports bio-based monomers, solvent-
published reactions lack sufficient information free polymerization, enzymatic polymer
about concentration, solvent mass, purification, modification, recyclable catalysts, and safer

energy use, and failed Future
databases should include sustainability descriptors
as routine metadata. Machine learning can only
recommend genuinely greener routes if the
training data contain more than yield and substrate

experiments.

scope.
5. Applications in Modern Chemistry

Green organic synthesis has particularly strong
impact in pharmaceutical development. Active
pharmaceutical ingredients often require complex
multi-step synthesis, strict impurity control, and
high purity. Because solvent and purification steps
dominate waste, improvements in route design,
catalysis, crystallization, telescoping, biocatalysis,
and flow processing can dramatically lower PMI.

additives. Deep eutectic solvents and ionic liquids
can serve as media for polymer synthesis and
processing, although their full environmental
profiles must be assessed. Organic electronic
materials, dyes, and sensors also benefit from
greener cross-coupling, C-H activation, and
photochemical methods.

Agrochemicals and fine chemicals require scalable
routes with low cost and high selectivity. Catalytic
oxidation, selective hydrogenation, biomass-derived
intermediates, and solvent selection are especially
important. Since these products may be produced
at large volumes, even modest reductions in solvent
use, waste, or energy can have substantial
environmental and economic benefits.

Biocatalytic asymmetric synthesis, flow
Table 2: Recent green organic synthesis approaches and their sustainability contributions
. . Representative
Approach Main green contribution p. ) Key challenge
applications
High selectivi mild ) ) .
) ) g k& ) Chiral amines, alcohols, Enzyme stability and
Biocatalysis conditions, fewer protecting
cascades, APIs substrate scope
groups
, , o CH functionalization
) Light-driven activation under i 7 Scaleup and catalyst
Photocatalysis : . radical coupling,
mild conditions recovery
heterocycles
) Electrons replace chemical Oxidative coupling, Electrolyte, electrodes,
Electrosynthesis ) ) ) i
oxidants/reductants reductions, deprotection energy accounting
. , Condensations Scale-u
, Minimal solvent and high , ’ b
Mechanochemistry , couplings, heterocycles, reproducibility, heat
concentration
cocrystals control
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‘ Process
Flow chemistry safer scale-up
Reduced step

MCRs/cascades e
purification

Green solvents

intensification and

count and

Reduced toxicity and solvent

Photochemistry, ) .
) Equipment complexity
electrochemistry,  gas-
. i and start-up waste
liquid reactions
Drug-like scaffolds, Compatibility and
heterocycles, libraries purification
Water, DES, ethanol,

micelles, bio-solvents End-oflife and recovery

waste
6. Challenges and Limitations
Despite remarkable progress, green organic

synthesis faces several scientific and practical
limitations. First, many green methods are
demonstrated on narrow substrate scopes or small
scales. A reaction that works on 0.1 mmol under
optimized conditions may fail at multigram or
kilogram scale because of mixing, heat transfer,
mass transfer, light penetration, electrode area,
catalyst recovery, or product isolation. Scaleup
evidence is therefore essential.

Second, green claims are sometimes based on
incomplete comparisons. Replacing a toxic solvent
with a deep eutectic solvent, ionic liquid, or bio-
based solvent does not guarantee sustainability if
the replacement is persistent, difficult to recycle,
energy-intensive to prepare, or toxic to aquatic
systems. Similarly, solventfree reactions can still
have high waste if reagents  or
chromatographic purification are required.

Third, catalyst sustainability remains complex.
Precious-metal catalysts can be highly efficient at
low loading, but metal scarcity and recovery must
be considered. Earth-abundant metals may be less

€XCess

toxic or cheaper, but they are not automatically
greener if they require high loading, harsh
difficult purification.
Organocatalysts and enzymes have their own
synthesis, immobilization, and disposal burdens.

Fourth, energy accounting is often missing.
Microwave, photochemical, ultrasound,
electrochemical, and mechanochemical methods
should report power, time, scale, reactor efficiency,
and energy source. Mild temperature is not
equivalent to low energy consumption if the
inefficient irradiation or

conditions, or

reactor uses long
processing times.

Fifth, purification remains a hidden source of
waste. Column chromatography, large solvent

volumes, repeated extraction, and preparative

https://rinmsreview.com
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HPLC can dominate the environmental footprint
of laboratory synthesis. Green methodology papers
should report purification solvent volumes and
explore crystallization, filtration, phase separation,
membrane separation, or direct telescoping where
possible.

Finally, sustainability reporting is not standardized.
The field would benefit from minimum reporting
guidelines that include reaction concentration,
solvent mass, reagent equivalents, catalyst loading,
work-up, purification, energy input, product
isolation method, vyield, selectivityy, PMI, and
hazard information. Without such reporting, it is
difficult to compare routes objectively.

7. Future Perspectives

The future of green organic synthesis will be
shaped by integration. The most powerful advances
will not come from using one green technique in
isolation, but from combining complementary
methods. Examples include photoredox catalysis in
flow, electrochemical C-H functionalization in
recyclable solvents, biocatalytic cascades with in-
line  product removal,  mechanochemical-
electrochemical hybrid systems, and
multicomponent reactions under aqueous micellar
conditions.

Artificial  intelligence and
increasingly support sustainable route design.
Retrosynthetic tools can propose shorter routes,
but future platforms should also rank routes by
PMI, solvent hazard, catalyst availability, energy
demand, and lifecycle impact. Self-optimizing
reactors can search for conditions that balance
yield and sustainability. However, digital tools must
be trained on high-quality data that include failed
reactions and environmental descriptors.

Circular carbon chemistry will also become more
important. Renewable feedstocks, CO2 utilization,
plasticwaste upgrading, and biomass valorization
will be integrated into organic synthesis. The goal

automation  will
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will not simply be to replace petrochemical
feedstocks, but to design molecules and processes
for circularity, degradation, recycling, and low-
carbon manufacturing.

Another future direction is safer-by-design
molecular synthesis. Green chemistry should
influence not only how molecules are made but
what  molecules are made. Persistent,
bioaccumulative, and toxic structures should be
avoided where function can be achieved with safer
alternatives. This connects synthetic chemistry with
toxicology, environmental fate, materials science,
and regulatory science.

Education will be critical. Green metrics, solvent
selection, catalysis, hazard assessment, and life-cycle
thinking should be integrated into organic
chemistry training from the undergraduate level
onward. The next generation of chemists must
learn to optimize reactions for performance and
sustainability simultaneously.

8. Conclusion

The recent developments in Green Organic
Synthesis show that sustainable chemistry is no
longer a purely academic and abstract one, rather it
is a field of actual practice and is at the heart of
modern Organic Chemistry. New methods and
technologies have been developed in the field of
catalysis, such as in biocatalysis, photocatalysis,
electrosynthesis, mechanochemistry, flow chemistry,
multicomponent  reactions, green  solvents,
renewable raw materials and digital optimisation,
which extend the synthetic toolbox and minimize
the use of hazardous reagents and wasteful
procedures.

The best synthetic green methods have common
characteristics: Minimize waste at the design stage,
use catalytic and selective transformations,
solvent and energy consumption,
minimize unnecessary derivatization, use safer and
renewable materials where possible and have
transparent metrics. But “green chemistry” is no
slogan to be taken lightly. Scalability, hazard
assessment, life cycle thinking and metrics are all
vital to sustainability.

Modern chemistry will need to be efficient, safe,
circular and environmentally responsible, as well as
yield, novelty and selectivity, to be successful.

— RTNMSR

Review Journal of Neurological
& Medical Sciences Review

minimize

Green Organic synthesis is a guidance towards
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more creative, smart, resilient and social

responsible molecular innovation and is not a

limitation of creativity.

References

Abey, S. A., Reis, N. M., Emanuelsson, E. A., &
Exposito, A. J. (2025). Harnessing visible light:
Advanced  photocatalytic  strategies  for
sustainable environmental reactions. Chemical
Engineering Journal, 519, 164951.

Ali, S. K., Althikrallah, H. A., Alluhaibi, M. S.,
Hawsawi, M. B., Hakami, O., Shariq, M.,
Hassan, D. A., & Hussain, M. (2024).
Electrochemical and photocatalytic synthesis
of organic compounds utilizing a greener
approach: A review. Molecular Catalysis, 559,
114087.
https://doi.org/10.1016/j.mcat.2024.114087

Anastas, P. T., & Warner, J. C. (1998). Green

chemistry: Theory and practice. Oxford
University Press.
Constable, D. J. C., Curzons, A. D, &

Cunningham, V. L. (2002). Metrics to green
chemistry - which are the best? Green
Chemistry, 4, 521-527.
Hessel, V., Mukherijee, S., Mitra, S., Goswami, A.,
Tran, N. N, Ferlin, F., Vaccaro, L., Galogahi,
F. M., Nguyen, N. T., & Escriba-Gelonch, M.
(2024). Sustainability of flow chemistry and
microreaction technology. Green Chemistry,
26, 9503-9528.
https://doi.org/10.1039/D4GC01882F
[UPAC. (2000). Green chemistry definition and
sustainable chemistry activities. Pure and
Applied Chemistry, 72(7), 1207-1228.
Martinez, J., Cortés, J. F., & Miranda, R. (2022).
Green chemistry metrics, a review. Processes,
10(7), 1274.
https://doi.org/10.3390/pr10071274
Mohlala, R. L. R. L., Rashamuse, T. J. T. J., &
Coyanis, E. M. (2024). Highlighting
multicomponent reactions as an efficient and
facile alternative route in the chemical
synthesis of organicbased molecules: A
tremendous growth in the past 5 vyears.
Frontiers in Chemistry, 12, 1469677.
https://doi.org/10.3389/fchem.2024.146967
1

Page 425


https://doi.org/10.1016/j.mcat.2024.114087
https://doi.org/10.1039/D4GC01882F
https://doi.org/10.3390/pr10071274
https://doi.org/10.3389/fchem.2024.1469677
https://doi.org/10.3389/fchem.2024.1469677

Review Journal of Neurological
( & Medical Sciences Review

Volume 4, Issue 5, 2026

Mokhtar, M. M., Heppler, T., & Mack, J. (2025).
Mechanochemically mediated electrosynthesis:
Unveiling a new pathway for redox reactions
under mechanochemical conditions. Green
Chemistry.
https://doi.org/10.1039/D4GC06293K

O’Connell, A., Barry, A., Burke, A. J., Hutton, A.
E., Bell, E. L., Green, A. P.,, & O'Reilly, E.
(2024). Biocatalysis: Landmark discoveries and
applications in chemical synthesis. Chemical
Society Reviews, 53, 2828-2850.
https://doi.org/10.1039/D3CS00689A

Regnier, M., Vega, C., loannou, D. [., & Noél, T.
(2024). Enhancing electrochemical reactions
in organic synthesis: The impact of flow
chemistry. Chemical Society Reviews, 53,
10741-10760.
https://doi.org/10.1039/D4CS00539B

Sheldon, R. A. (2017). The E factor 25 years on:
The rise of green chemistry and sustainability.
Green Chemistry, 19, 18-43.
https://doi.org/10.1039/C6GC02157C

Sheldon, R. A. (2018). Metrics of green chemistry
and sustainability: Past, present, and future.
ACS Sustainable Chemistry & Engineering, 6,
32-48.

Shen, X., Hong, G., & Wang, L. (2025). Recent
advances in green multi-component reactions
for heterocyclic compound construction.
Organic & Biomolecular Chemistry, 23, 2059-
2078.
https://doi.org/10.1039/D40OB01822B

Trost, B. M. (1991). The atom economy - a search
for synthetic efficiency. Science, 254, 1471-
1477.

Yu, D., and coworkers. (2024). Deep eutectic
solvents as green solvents for materials
preparation. Green Chemistry.
https://doi.org/10.1039/D4GC00136B

https://rinmsreview.com | Zakria et al., 2026 | Page 426


https://doi.org/10.1039/D4GC06293K
https://doi.org/10.1039/D3CS00689A
https://doi.org/10.1039/D4CS00539B
https://doi.org/10.1039/C6GC02157C
https://doi.org/10.1039/D4OB01822B
https://doi.org/10.1039/D4GC00136

	This review is designed to present a concise and c
	2. Conceptual Framework and Literature Scope
	A theme that can be seen throughout this review is
	3. Principles and Metrics for Evaluating Greenness
	4. Recent Sustainable Approaches in Organic Synthe
	4.1 Green Solvents and Alternative Reaction Media
	4.2 Catalysis as a Core Strategy
	4.3 Biocatalysis and Enzyme Engineering
	4.4 Visible-Light Photocatalysis and Photoredox Ch
	4.5 Electrochemical Organic Synthesis
	4.7 Microwave, Ultrasound, and Alternative Energy 
	4.8 Continuous-Flow Chemistry and Process Intensif
	4.9 Multicomponent, One-Pot, and Cascade Reactions
	4.10 Renewable Feedstocks, Biomass Valorization, a
	4.11 Digital Tools, Automation, and Real-Time Anal
	5. Applications in Modern Chemistry
	6. Challenges and Limitations
	8. Conclusion

