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Abstract: 
In pharmaceutical discovery, potency, selectivity, pharmacokinetics, safety and manufacturability have traditionally 
been optimized, with environmental performance often considered later in process development. But this separation is 

becoming increasingly untenable, as discovery routes can consume large quantities of solvents and reagents, produce 

large amounts of waste, and depend on rare or hazardous materials. Green chemistry is a proactive strategy designed 

to reduce waste, hazards, energy requirements, and resource consumption at the molecular and reaction-design levels 

rather than after pollution has been generated. This review formulates an integrated view on sustainable pharmaceutical 

drug discovery with a focus on catalysis, biocatalysis, safer solvents, solvent minimization, one-pot and multicomponent 

synthesis, continuous-flow processing, photochemistry, electrochemistry, mechanochemistry, microwave-assisted 

synthesis, renewable feedstocks, green purification and life-cycle assessment. It also proposes a Sustainable Synthesis-

to-Process (S2P) framework linking molecular design to retrosynthetic planning, reaction optimization, process 

intensification, quantitative green metrics, and scale-up. Special emphasis is placed on process mass intensity (PMI), E-

factor, atom economy, reaction mass efficiency, energy intensity, carbon footprint and life-cycle assessment. Recent 
literature also supports the use of artificial intelligence and automated experimentation to multi-objectively optimize 

yield and sustainability. The review argues that the most important transition is conceptual: green chemistry should be 

factored in as a design variable in drug discovery, rather than as a downstream manufacturing correction . 
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1. INTRODUCTION: 

The pharmaceutical industry occupies a distinctive 

position in sustainable chemistry. Unlike bulk chemical 

manufacturing, pharmaceutical synthesis often 

produces high-value products in comparatively small 

quantities, but the molecular complexity of active 

pharmaceutical ingredients (APIs) can require 

numerous synthetic operations, protecting-group 

manipulations, excess reagents, solvent-intensive work-

ups, and chromatographic purification. Consequently, a 

process can have an excellent isolated yield while still 
generating a large environmental burden. Green 

chemistry reframes this problem by asking how the 

desired molecule can be produced with less material, 

lower hazard, lower energy demand, and fewer 

downstream operations [1–7]. 

 

The original green-chemistry principles established 

prevention, atom economy, catalysis, safer solvents, 

energy efficiency, renewable feedstocks, and inherently 

safer synthesis as design principles rather than end-of-

pipe controls [1,2]. For pharmaceuticals, these 

principles have particular relevance because the route 

chosen during discovery can influence the 

environmental and economic trajectory of a molecule 

for years. Modern reviews emphasize that green 

synthesis is not simply the replacement of one solvent 

or reagent; it requires holistic optimization from raw 

material selection through API isolation and 

manufacturing [7,8]. 

 

Recent literature backs up this change . Pharmaceutical 

green chemistry is more and more associated with 
quantitative sustainability metrics, process 

development, continuous manufacturing, catalytic 

synthesis, biocatalysis and alternative reaction media 

[9–14]. Solvent selection, catalytic methods, 

biocatalysis, flow chemistry, microwave methods and 

process intensification are also major areas of current 

development as highlighted in a recent review of 

pharmaceutical synthesis [15]. Thus a modern review 

should integrate medicinal chemistry, process 

chemistry, chemical engineering and sustainability 

science, rather than treating them in isolation. 
 

Table 1. Major sustainability pressures in pharmaceutical drug discovery and their design responses 

Pressure point Typical consequence Green-chemistry response 

 

Useful metric / indicator 

Multistep synthesis Cumulative waste and yield 

loss 

Route compression, 

telescoping, one-pot 

chemistry 

Step count; PMI; E-factor 

Large solvent volumes High material demand and 

waste 

Concentration, safer 

solvents, solvent recovery 

Solvent intensity; PMI 

Stoichiometric reagents Salt/by-product generation Catalysis, catalytic redox, 

biocatalysis 

Atom economy; RME 

Protecting groups Extra steps and purification Chemoselective chemistry; 

direct functionalization 

Step economy; PMI 

Chromatographic 

purification 

High solvent consumption Crystallization, 

precipitation, direct 

isolation 

Solvent mass; PMI 

Hazardous intermediates Worker and process risk Flow processing, safer 

reagents, in situ generation 

Hazard assessment 

High energy demand Higher operating footprint Milder conditions, flow, 
photochemical/electrochemi

cal alternatives 

Energy intensity 

Scarce catalysts Resource and supply-chain 

risk 

Base metals, immobilized 

catalysts, recovery 

Catalyst loading; criticality 

  

2. Why Green Chemistry Must Enter Drug Discovery 

Early 

 An unusual synthetic workload comes from drug 

discovery Series of analogs are frequently synthesized 

by medicinal chemists to investigate structure–activity 

relationships, physicochemical properties, selectivity 

and metabolic stability. Now speed and molecular 

diversity can power the decision making process. But if 

a promising scaffold ends up requiring an inefficient or 
unsafe route, the cost of redesign escalates substantially 

in later development. Incorporation of sustainability 

considerations at the discovery stage can help prevent 

route lock-in and find chemistry that is both biologically 

effective and process-ready [16–20].  

 

The distinction between “green reaction chemistry” and 

“green drug-discovery chemistry” is important. The 

first asks if a reaction is efficient, the second asks if the 

whole sequence from building blocks to purified API is 

resource efficient. A reaction with 95% yield might be 

less sustainable than a reaction with 85% yield if the 

former requires excess protecting groups, toxic solvent, 
multiple extractions, chromatography, and large 

aqueous washes. This systems view is consistent with 

the pharmaceutical green-metrics literature, which 

integrates the mass, energy, environmental, health, and 
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safety dimensions [21–24].  

A practical discovery workflow should thus record at 

least reaction yield, stoichiometric excess, solvent 

volume, catalyst loading, purification method, reaction 

time, temperature and waste generated. This data can be 

used later to support PMI and life-cycle analysis. This 

type of documentation is especially useful in high-

throughput medicinal chemistry, where the aggregation 

of many small individual experiments across thousands 

of compounds is important [25–27]. 

 
3. The Sustainable Synthesis-to-Process (S2P) 

Framework 

 We propose a Sustainable Synthesis-to-Process (S2P) 

framework as a conceptual model to integrate green 

chemistry into pharmaceutical discovery. The first layer 

is the molecular design, where synthetic accessibility 

and structural complexity are taken into account with 

the potency. The second layer is retrosynthetic 

planning, which ranks routes by the number of 

reactions, atom economy, protecting-group loadings, 

catalyst criticality, and predicted PMI. The third layer is 

reaction optimization where yield is optimized with 

solvent, energy, catalyst and waste metrics 

simultaneously [28–32].  

 

The process intensification is the fourth layer. One-pot 

sequences, telescoped operations, continuous flow, in 

situ separation and catalytic cascades allow to avoid 

intermediate isolation steps. The fifth layer is the 
quantitative assessment using PMI, E-factor, energy 

use, carbon footprint and LCA. The final layer is scale-

up and circularity, including solvent recovery, catalyst 

recycling, renewable electricity, waste valorization and 

recovery of valuable materials. Thus, the framework 

does not view sustainability as a one-time assessment at 

the end of development, but as a feedback loop. 

 

Table 2. Decision matrix for selecting a greener synthetic route during discovery 

Decision criterion Route characteristic to 

prefer 

Why it matters Related metric 

Step count Fewer isolated steps Reduces cumulative losses 
and work-up 

PMI; E-factor 

Atom economy Higher Less theoretical waste Atom economy 

Catalysis Catalytic over 

stoichiometric 

Reduces reagent-derived 

waste 

RME; PMI 

Solvent burden Lower volume / safer 

solvent 

Solvents can dominate 

material use 

Solvent intensity 

Purification Crystallization/direct 

isolation 

Avoids chromatography PMI 

Energy Mild, efficient conditions Lowers process energy 

demand 

Energy intensity 

Waste Fewer, less hazardous 

streams 

Simplifies treatment and 

disposal 

E-factor 

Scale-up Robust and controllable Improves manufacturing 

translation 

STY; LCA 

 

 4. Green Metrics: From Yield to Life-Cycle Thinking 

 One of the simplest ways to evaluate how efficiently 

reactant atoms become product atoms is still atom 

economy [33]. It is very useful to compare 
transformations such as addition, coupling, substitution, 

protection/deprotection and redox processes. However 

atom economy is a theoretical concept and does not 

consider the yield, solvents, work-up materials or 

energy. It should thus be combined with reaction mass 

efficiency and process-level metrics [34–37]. 

 

The E-factor is the amount of waste per mass of product. 

PMI is the total material input (mass) per mass of 

product. In pharmaceutical process development, PMI 

is particularly useful as it can include solvents, water, 

reagents, catalysts, and processing aids. Life-cycle 
assessment extends the analysis beyond the 

manufacturing gate to include upstream raw-material 

production, energy sources, emissions, water, and end-

of-life impacts [38–41]. Recent pharmaceutical metrics 

literature highlights that no one metric is sufficient and 
that the environmental, health, safety, resource and 

energy dimensions need to be considered together 

[42,43]. 

 

The major practical lesson is that metrics should be used 

prospectively. If PMI is calculated only after a route has 

been finalized, it is mostly diagnostic. Early inclusion 

of PMI in the route scouting process can help chemists 

eliminate inefficient routes before being locked into 

development. Such calculations could be increasingly 

automated by digital instruments and structured 

electronic laboratory records [44-46]. 
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Figure 3. Illustrative material-intensity profile of a multistep API route. Values are conceptual and should not be 

interpreted as a universal pharmaceutical average. 

 

5. Catalysis as the Central Engine of Sustainable 

Synthesis 
 Catalysis is one of the most powerful tools to 

implement green chemistry because catalysts can lower 

activation barriers, enhance selectivity, reduce reagent 

stoichiometry and allow milder reaction conditions. 

Catalytic hydrogenation, oxidation, carbon–carbon 

coupling, carbon–heteroatom bond formation, 

asymmetric catalysis, and organocatalysis have 

transformed the synthesis of pharmaceuticals [47–50].  

 

Transition-metal catalysis, particularly palladium-

catalyzed cross-coupling reactions, has become an 
indispensable tool in medicinal chemistry. But low 

catalyst loading does not a catalytic sustainability make. 

Metal criticality, mining impacts, ligand synthesis, 

toxicity, residual-metal specifications, catalyst recovery 

and purification must be taken into account. Base-metal 

catalysts, heterogeneous catalysts, supported catalysts 

and metal-free organocatalysis are appealing 

alternatives, as long as they retain the required 

selectivity and robustness [51–54].  

 

Catalysis also offers opportunities for route 

compression. A resolution could be replaced by a 
catalytic asymmetric step, a few isolated intermediates 

could be replaced by a catalytic cascade. In this sense, 

the number of downstream operations that the catalyst 

eliminates should be used as a criterion for catalyst 

design, in addition to the turnover number and 

selectivity. 

 

6. Biocatalysis and Chemoenzymatic Synthesis 
Biocatalysis is particularly compelling for 

pharmaceutical chemistry because enzymes frequently 

offer exceptional chemo-, regio-, and stereoselectivity 

under relatively mild conditions. Modern protein 

engineering has expanded the substrate scope and 

operational stability of enzymes, while directed 

evolution can optimize catalytic performance for 

synthetic applications [55–58]. 

 

The strongest sustainability advantage often arises when 

biocatalysis replaces a sequence of protection, 
activation, and stereochemical-control operations.  

Enzymatic transaminations, ketoreductions, 

hydrolyzes, oxidations and amide-forming 

transformations are becoming more and more important 

in the synthesis of APIs. Enzyme cascades can also 

minimize solvent exchange and intermediate isolation 

by coupling multiple transformations in one pot [59–

62].  

However, biocatalysis is not sustainable by definition. 

The process footprint includes enzyme production, co-

factors, buffering agents, water use, downstream 

isolation and enzyme disposal. A realistic comparison 
should therefore be made of the whole process and not 

just the reactor. Chemoenzymatic pathways are 

particularly promising as they combine the broad 

reaction space of synthetic chemistry with the 

selectivity of enzymes [63,64]. 
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Table 3. Sustainable catalytic and biocatalytic strategies relevant to pharmaceutical synthesis 

Strategy Representative use Sustainability advantage Main limitation 

Transition-metal catalysis C–C / C–N coupling High selectivity and lower 

reagent excess 

Metal residues; criticality 

Base-metal catalysis Hydrogenation / coupling / 

oxidation 

Potentially lower criticality Catalyst development 

Organocatalysis Asymmetric synthesis Metal-free option Catalyst loading 

Biocatalysis Ketoreduction / 

transamination 

Excellent selectivity under 

mild conditions 

Enzyme stability/cofactors 

Chemoenzymatic cascades Sequential chemical + 

enzymatic steps 

Route compression Step compatibility 

Immobilized catalysts Catalytic synthesis Recovery and reuse Mass transfer 

Catalytic cascades Multiple transformations Fewer isolated 

intermediates 

Condition compatibility 

 

7. Green Solvents and Solvent Minimization 

 Solvents are usually the largest material inputs in 

pharmaceutical synthesis. Thus, solvent selection 

guides have become useful tools for medicinal and 
process chemists. The guides take into account 

parameters such as human toxicity, environmental 

hazard, volatility, flammability, reactivity and waste 

treatment [65–68]. Commonly preferred solvents 

include water, ethanol, ethyl acetate and some 

alternative ethers, but suitability depends strongly on 

the chemistry and the full life cycle of the solvent [69].  

 

The goal should not be just to change solvents. Benefits 

can be greater solvent volume reduction, increased 

reaction concentration, elimination of solvent exchange, 

solvent recycling and avoiding chromatography. Other 
recent work stresses that “green,” “renewable,” and 

“low-carbon” are not synonymous terms, and that 

solvent feedstock origin, intrinsic hazard, and life-cycle 

emissions should be considered separately [70,71].  

Ionic liquids and deep eutectic solvents provide tailor-

made physical properties, low vapor pressure, but the 

sustainability of their application has to be critically 

assessed. Their apparent advantages may be offset by 

toxicity, persistence, viscosity, preparation, 

purification, recovery and end-of-life behavior. 

However deep eutectic solvents are an important 

research platform, as many can be prepared by simple 

mixing of components and can be tailored for catalysis, 
extraction and synthesis [72–74]. 

 

8. One-Pot, Telescoped, and Multicomponent Synthesis 

 Any isolated intermediate also introduces solvent 

exchange, extraction, drying, concentration, 

purification, analytical testing, and material loss. One-

pot and telescoped synthesis minimize these operations 

by passing an intermediate directly to the next 

transformation, Multicomponent reactions have the 

capacity to generate considerable molecular complexity 

from a handful of simple precursors in one step [75].  

 
Telescoping is especially valuable in pharmaceutical 

discovery where unstable intermediates are hard to 

isolate, or purification can be postponed until the final 

step. When the telescoping process is combined with 

catalytic reactions and direct crystallization, the 

sustainability gain can be further enhanced. The 

problem is that the pH, temperature, catalysts, 

impurities and solvent requirements of the consecutive 

reactions have to be compatible with one another. 

 

Table 4. Comparison of conventional and intensified pharmaceutical processing 

Feature Batch Flow / intensified 
processing 

Potential sustainability 
effect 

Reaction inventory Larger instantaneous 

inventory 

Small reactor inventory Improved safety 

Heat transfer Can become limiting at 

scale 

High surface-to-volume 

ratio 

Better thermal control 

Reaction time Often longer Precisely controlled 

residence time 

Potential productivity gain 

Intermediate isolation Often separate Telescoping possible Less solvent and waste 

Photochemistry Light penetration can limit 

scale 

Thin channels improve 

illumination 

Better photon utilization 

Gas reactions Separate gas handling Controlled gas–liquid 

contact 

Improved mass transfer 

Automation Discrete sampling Inline analytics possible Data-rich optimization 

Scale-up Larger vessels Numbering-up / scale-out Potentially controlled 

translation 
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9. Continuous-Flow Chemistry and Process 

Intensification 

Continuous-flow chemistry enables precise control of 

the reaction time, heat transfer, mass transfer and the 

addition of reagents. It can minimize the inventory of 

hazardous intermediates and is especially attractive for 

exothermic, gas–liquid, photochemical, and 

electrochemical reactions. Flow processing also enables 

automation and rapid optimization of parameters [26–

31].  

 
Process intensification is a major sustainability benefit. 

A compact reactor can provide high productivity with 

less equipment footprint and better heat transfer. 

Telescoping, inline analytics and continuous 

crystallization can also be enabled by flow. However, 

sustainability should be considered throughout the 

whole process, as flushing, dilution, tubing, pumps and 

solvent consumption can be an issue at low throughput. 

The correct question therefore is not Is flow green? but 

Does the flow configuration reduce the total 

environmental burden of this particular route? 
 

10. Photochemistry and Photocatalysis 

Photoredox chemistry has opened up reactivity 

pathways that are otherwise difficult to access by 

conventional two-electron chemistry. Visible-light 

photoredox catalysis can produce radicals under 

relatively mild conditions and has facilitated C–C, C–

N, C–O and other bond-forming transformations of 

relevance to medicinal chemistry [34,35].  

Photochemistry can reduce the need for harsh reagents 

and perhaps enable direct activation of otherwise inert 

substrates from a sustainability perspective. Limitations 
are photon efficiency, light penetration, reactor 

geometry, photocatalyst cost and electricity demand. 

Thin reaction channels are of interest for flow 

photochemistry as they facilitate light penetration and 

heat management [36]. 

 

11. Electrochemical Synthesis 

Electrosynthesis replaces some stoichiometric oxidants 

and reductants by electrical current. It can reduce waste 

generated from reagents and provide tunable redox 

control. Therefore, electrochemistry is attractive for 

oxidation, reduction, cross-coupling and 

functionalization chemistry [37–39].  

 

The sustainability of electrochemistry is directly 

connected with the source of electricity. Renewable 

electricity can improve the climate profile substantially, 

and carbon-intensive electricity can erode the 

advantage. Important process parameters are current 

efficiency, electrode lifetime, electrolyte selection, 

mass transfer, cell design and downstream electrolyte 

removal. Continuous electrochemical reactors allow for 
integration of reaction, heat management and 

automation. 

 

12. Mechanochemistry and Solvent-Free Synthesis 

 Mechanochemistry uses mechanical energy to drive 

chemical transformations, often with little or no bulk 

solvent. Ball milling, extrusion, grinding and similar 

methods can lower solvent intensity and sometimes 

speed up reactions. Pharmaceutical applications involve 

synthesis of APIs, salt formation, cocrystal preparation, 

coupling chemistry and late-stage functionalization 
[40–46].  

 

The field is promising, but needs more focus on scale-

up, reproducibility, energy accounting, lifetime of 

equipment and product isolation. Extrusion-based 

processing in particular may provide a pathway for 

scaling continuous mechanochemistry from laboratory 

demonstration to manufacturing. Another growing trend 

is mechanochemical biocatalysis, which combines 

enzyme selectivity and lower solvent requirements. 

 

13. Microwave-Assisted and Alternative-Energy 
Synthesis 

 Microwave irradiation can accelerate many organic 

reactions due to effective energy delivery and rapid 

heating. In medicinal chemistry this can decrease 

reaction time and sometimes improve yields. 

Ultrasound and other alternate energy sources may also 

affect mass transfer and reaction kinetics. However, a 

short reaction time does not automatically correspond to 

a lower environmental footprint, as the total electricity 

use, the solvent volume and the scale-up behavior have 

to be measured [47]. 
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Figure 2. Relative strategic potential of enabling technologies. Scores are illustrative and intended for conceptual 

comparison, not experimental measurements. 
 

14. Renewable Feedstocks and Circular Carbon 

 Environmentally responsible production of renewable 

feedstocks can reduce our dependence on fossil carbon 

. Potential substrates include carbohydrates, 

lignocellulosic biomass, glycerol, fermentation 

products, amino acids, and bio-based platform 

chemicals [48].  

 

Circular carbon is a more general idea than the 

substitution of petroleum by biomass. A circular 

pharmaceutical process is designed to reduce the use of 
virgin material, recover solvents, recycle catalysts, 

valorize side streams , and minimize waste . Life-cycle 

assessment is important, as cultivation, land use, water 

consumption, fertilizer use, transport and biomass 

processing can influence the overall environmental 

profile. 

 

15. Green Purification: The Often-Ignored Bottleneck 

Purification can contribute significantly to PMI as 

chromatography and repeated extraction may require a 

lot more solvent than the reaction itself. This is 
especially important in medicinal chemistry where fast 

purification of small amounts can enable routine use of 

silica chromatography. A route that eliminates a 

solvent-intensive reaction but still requires repeated 

chromatography may only provide a modest overall 

improvement [7,9,15].  

 

Crystallization, precipitation, direct phase separation, 

minimization of aqueous work-up, selective extraction, 

and reusable separation media can offer more 

sustainable alternatives. The design of molecules and 

intermediates with desirable solid-state properties could 

thus be incorporated into green process design. Often 

the synthetic route with the highest reaction yield is not 

the best one, but the one that yields a material that is 

easy to isolate. 

 

16. Green Medicinal Chemistry: Beyond Potency 
The traditional focus of medicinal chemistry is on 

optimization of biological properties, but sustainable 

medicinal chemistry should add synthetic complexity 

and environmental burden as additional dimensions. A 

practical multi-objective profile can include potency, 

Selectivity, Physicochemical Properties, Synthetic 

Accessibility, Number of Steps, PMI, Solvent Hazard, 

Catalyst Criticality, Energy Demand and Purification 

Burden [9,10,16].  

 

This approach does not mean that environmental 
performance must come at the expense of therapeutic 

value. Instead, sustainability can help to distinguish 

among biologically similar candidates. If two 

compounds are similar in efficacy and developability, 

the compound that is easier to synthesize, safer to make, 

and less resource intensive may be selected. This kind 

of thinking can also inspire the design of molecular 

scaffolds that are easier to assemble and recycle. 
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Table 5. AI-enabled opportunities for sustainable pharmaceutical synthesis 

AI / automation task Input data Green objective Potential output 

Retrosynthetic planning Target structure + reaction 

data 

Minimize steps, PMI and 

hazard 

Ranked sustainable routes 

Solvent recommendation Reaction + solvent 

descriptors 

Reduce hazard and solvent 

burden 

Solvent shortlist 

Condition optimization Catalyst, solvent, T, time Optimize yield and 

sustainability together 

Pareto-optimal conditions 

Catalyst selection Substrate + catalyst 

descriptors 

Lower loading / criticality Catalyst ranking 

Process monitoring Inline analytical data Detect deviations early Adaptive control 

LCA prediction Material and energy inputs Estimate impact early Route sustainability score 

Autonomous 

experimentation 

Model + experiments Minimize material and 

experiments 

Self-optimizing platform 

 

17. Artificial Intelligence, Automation, and Green 

Route Design 

Artificial intelligence and machine learning are 
becoming more and more relevant to sustainable 

synthesis. Predicting reaction yields, planning 

retrosynthetic steps, selecting catalysts, recommending 

solvents, optimizing reaction conditions and 

automatically mining the literature can reduce the 

experimental search. The next step is to embed 

sustainability goals directly in these models [10,44-46].  

 

A green retrosynthesis engine could rank candidate 

routes according to a composite objective comprising 

chemical yield, step count, PMI, solvent hazard, catalyst 

criticality, predicted energy demand and carbon 
footprint. Then, Bayesian optimization and active 

learning could be used to select experiments that 

maximize the information gain while minimizing the 

material consumption. Recent literature has stressed the 

rise of AI and quantum-chemical approaches as 

elements of green organic synthesizing in drug 

discovery [10]. 

18. High-Throughput Experimentation and Self-

Optimizing Chemistry 

Automated experimentation can turn green chemistry 

from a largely manual optimization process into a data-
driven control loop. Miniaturization of reactions lowers 

material consumption during condition screening, and 

inline analytics offer rapid feedback. Bayesian 

optimization can point to promising conditions with 

fewer experiments than exhaustive grids. When 

sustainability variables are incorporated into the 

objective function, the system is able to optimize yield 

and environmental performance together.  

 

The problem is data quality. Sustainability models 

require accurate information on the quantities of 

solvents, energy use, catalyst preparation, waste 
treatment and upstream material production. Therefore, 

the importance of standardized electronic laboratory 

records and machine-readable reaction descriptions will 

be equal to sophisticated algorithms. 

 

19. Industrial Translation and Case-Based Lessons 

 Industrial experience demonstrates that green 

chemistry can provide environmental and economic 
benefits . Examples of pharmaceutical process 

development include solvent substitution , aqueous 

micellar catalysis , process intensification and 

continuous manufacturing, where PMI is applied as a 

practical optimization metric [9,14]. Reviews of 

pharmaceutical green chemistry also highlight that 

successful industrial examples tend to combine catalytic 

efficiency, improved solvent selection, fewer steps and 

better isolation rather than a single innovation [6,15]. 

 

An important lesson from industry is that sustainability 

needs to be incorporated with quality-by-design and 
GMP requirements. A greener route still needs to meet 

impurity specifications, reproducibility, robustness, 

stability and regulatory expectations. Consequently, the 

most successful green processes are those where 

environmental performance is enhanced alongside 

process control, cost, safety and product quality [9]. 

 

20. Challenges and Research Gaps 

There are still a number of hurdles. First, green metrics 

are not yet standardized across discovery labs 

universally. Second, many promising laboratory 
techniques lack data on scaling up. Third, toxicity or 

life-cycle information for solvent and catalyst 

alternatives may not be complete. Fourth, regulatory 

and analytical requirements may be a challenge to 

process simplification. Fifth, renewable feedstocks and 

novel solvents may introduce upstream burdens that are 

not visible if only the reaction vessel is considered [21–

24,70–74].  

 

Another gap is the absence of integrated datasets that 

link reaction conditions to environmental outcomes. 

The majority of reaction databases are focused on yield 
and selectivity, with data on PMI, solvent mass, energy 

requirements and waste disposal being reported less 

consistently. Thus, academia and industry should focus 

primarily on building up high quality sustainability 

datasets.
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Table 6. Integrated technology roadmap for next-generation green pharmaceutical synthesis 

Technology Discovery-stage role Process-stage role Maturity / trend Priority research need 

Catalysis Rapid analogue 

synthesis 

Scalable API 

synthesis 

High Critical-metal 

reduction and 

recovery 

Biocatalysis Selective chiral 

building blocks 

Large-scale 

asymmetric synthesis 

High / growing Enzyme engineering 

and cofactor recycling 

Green solvents Early route screening Manufacturing 

solvent systems 

High Closed-loop recovery 

and LCA data 

Flow chemistry Reaction screening Continuous API 

manufacture 

High / growing Quantitative LCA and 

purification 

integration 

Photochemistry Late-stage 

functionalization 

Continuous 

photochemical 

production 

Growing Photon efficiency and 

scale-out 

Electrochemistry Alternative redox 
screening 

Reagent-minimized 
manufacturing 

Growing Electrolyte recovery 
and renewable power 

Mechanochemistry Solvent-minimized 

discovery 

Potential continuous 

processing 

Emerging Scale-up and energy 

accounting 

AI/ML Green retrosynthesis Optimization and 

process control 

Rapidly growing Standardized 

sustainability datasets 

Circularity Building-block 

selection 

Solvent/catalyst/mate

rial recovery 

Emerging Closed-loop process 

models 

 

21. FUTURE PERSPECTIVES: 

The future of pharmaceutical green chemistry will 

likely be defined by convergence rather than by a single 

breakthrough technology. AI-assisted retrosynthesis 

can identify low-impact routes; biocatalysis can deliver 

selective transformations; flow reactors can intensify 

hazardous or photochemical operations; renewable 

electricity can support electrochemistry; 
mechanochemistry can reduce solvent use; and digital 

LCA can provide continuous environmental feedback. 

Together these technologies could create a new 

paradigm of “sustainability-by-design” [10,15]. 

 

A particularly attractive future model is the autonomous 

green laboratory. In such a system, a target structure is 

entered, candidate routes are generated, environmental 

metrics are predicted, experiments are performed 

automatically at microscale, analytical results are fed 

back to a model, and the best route is selected according 
to a multi-objective function. This could dramatically 

reduce the amount of material required to discover and 

optimize synthetic processes. 

 

22. CONCLUSION: 

 Green chemistry is transitioning from a set of 

environmentally preferred reactions to a holistic design 

philosophy for drug discovery and manufacturing. The 

best opportunities come when sustainability is factored 

in before a route is decided. The distinctive potentials of 

catalysis, biocatalysis, green solvents, one-pot 

synthesis, flow chemistry, photochemistry, 
electrochemistry, mechanochemistry, renewable 

feedstocks, green purification, and AI are outlined. 

Their greatest value is when embedded in a quantitative, 

lifecycle decision framework.  

 

The S2P framework proposed is a useful conceptual 

bridge between medicinal and process chemistry. 

Pharmaceutical research can shift from “less harmful 

synthesis” to truly sustainable drug development 

through the integration of molecular design, reaction 

selection, process intensification, green metrics, LCA 
and circularity. The basic idea is simple: the greenest 

pharmaceutical process is usually not the result of a 

single green reaction, but rather the optimization of the 

whole synthesis-to-process system. 
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