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Abstract 

In modern organic syntheses, a paradigm shift is taking place from the development of yield-

oriented methodologies to process designs that, concurrently, consider resource efficiency, 

safety, energy consumption, waste avoidance and life cycle implications. The transition is 

driven by the conceptual principles of green chemistry and made possible by modern 

synthetic technologies including catalysis, organ catalysis, photo catalysis, electro synthesis, 

electro photocatalysis, biocatalysis, mechanochemistry, aqueous and micellar chemistry, deep 

eutectic solvents, microwave-assisted synthesis and continuous-flow processing. This study 

deals with current advances in sustainable organic syntheses. It reports advancements in the 

years 2024-2026. Emphasis is placed on solvent choice, catalytic efficiency, renewable 

feedstocks, one-pot and multicomponent reactions, energy-efficient activation, C–C and C-

heteroatom bond formation, and emerging hybrid platforms based on light, electricity, 

enzymes, and heterogeneous catalysts. The study also covers quantitative green chemistry 

measures including atom economy, E-factor, process mass intensity, reaction mass efficiency, 

energy intensity, and life-cycle evaluation and stresses that a high chemical yield alone is not 

enough to prove sustainability. Recent breakthroughs point to the most promising future 

approach as not a single “green” technology but an integrated process design that considers 

reaction development, separation, solvent recovery, catalyst recycling, feedstock selection, 

and scale-up concurrently. Artificial intelligence, high-throughput experimentation, 

continuous manufacturing and data-driven life-cycle evaluation are anticipated to speed the 

development and implementation of safer and more resource-efficient synthetic pathways. 

Other problems to be addressed include scalability, catalyst durability, solvent recovery, 
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repeatability, standardization of sustainability criteria, and the compromise between 

laboratory performance and industrial practicality. 

Keywords: green chemistry; sustainable organic synthesis; catalysis; photocatalysis; 

electrosynthesis; electrophotocatalysis; biocatalysis; mechanochemistry; green solvents; flow 

chemistry; multicomponent reactions; life-cycle assessment; artificial intelligence 

1. Introduction

The basis for medicines, agrochemicals, polymers, dyes, electronic materials, perfumes and 

many innovative functional materials is organic production [1]. Conventional synthesis 

provides access to vast molecular diversity but many established routes are associated with 

excess reagents, volatile or hazardous solvents, protecting group operations, stoichiometric 

oxidants and reductants, energy intensive heating or cooling and repeated chromatographic 

purification [2]. The ensuing environmental impact is of particular importance at process 

scale, when solvent consumption and downstream separations might dominate the mass and 

energy footprint of a synthesis [3]. Recent critical reviews point out that sustainable synthesis 

must thus go beyond reaction yield, and must encompass waste control, cleaner solvents, 

choice of catalyst, origin of resources, isolation of the product and end-of-life concerns [4-5]. 

Green chemistry, codified in the twelve principles of Anastas and Warner, tries to avoid 

pollution at the molecular and process-design level rather than to remediate waste after it is 

created [6]. In current organic syntheses, these concepts are progressively being realized via 

catalytic vs stoichiometric transformations, enhanced atom economy, renewable feedstocks, 

solvent reduction, benign reaction media, energy efficient activation and real-time process 

control. A study by Springer Nature in 2025 showed that green chemistry has progressed 

from a collection of conceptual ideas to a multidisciplinary approach that combines synthesis, 

analytical chemistry, nanotechnology, industrial practice, and sustainable development [7-

10]. 

The period 2024-2026 has been very fruitful. Reviews and perspectives have covered 

aqueous micellar chemistry, metal-free and bio-based methods, microwave-assisted 

synthesis, mechanochemistry, standard synthesis, electrophotocatalysis, deep eutectic 

solvents, multicomponent reactions, continuous flow chemistry, and AI-assisted route design 

[11-14]. The purpose of this study is to synthesize these achievements into a consistent 

scheme for contemporary synthesis of organic materials and to suggest research areas that are 

likely to impact sustainable chemical manufacture in the coming decade [15,16]. 
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2. Green Chemistry as a Design Tool for Natural Synthesis 

Green chemistry is best understood as a design technique rather than a list of ecologically 

desirable chemicals. The key concern is not whether an individual reagent or solvent is 

branded “green,” but if the whole process decreases danger, resource consumption and waste 

while maintaining the function that is needed [17-19]. The most significant concepts for 

synthesis of organic compounds are avoidance of waste, atom economy, less hazardous 

synthesis, cleaner solvents and auxiliaries, energy efficiency, use of renewable feedstocks, 

catalysis, design for degradation and real-time analysis [20-23]. 

This design approach is crucial because apparent advantages at the response level might be 

nullified by downstream activities [24]. For instance, the use of water as solvent for an 

organic reaction does not inevitably lead to a sustainable method if substantial amounts of 

organic solvent are then needed for extraction and chromatography [25,26]. This challenge is 

explicitly addressed in recent work on aqueous micellar catalysis, where surfactant enabled 

nanoreactors are used to improve the organic-substrate compatibility with water and in 

certain circumstances to facilitate the separation [27]. 

 

Figure 1. Current trends for green and sustainable organic syntheses. 

Figure 1. Green and sustainable ways in synthesis using organic materials. The schematic 

depicts the transition from classical organic chemical synthesis to sustainability by applying 
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renewable feedstocks, green solvents, catalysis, photocatalysis, electrosynthesis, biocatalysis, 

mechanochemistry, microwave-assisted synthesis, continuous-flow chemistry and efficient 

reaction design [28]. 

2.1 Quantitative metrics of sustainable synthesis 

A rigorous examination of synthetic methods should decouple chemical performance from 

environmental performance. Common measures include atom economy (AE), reaction mass 

efficiency (RME), E-factor, process mass intensity (PMI), solvent intensity, energy intensity, 

carbon footprint, and life-cycle assessment (LCA)[29,30]. Atom Economy is a measure of the 

theoretical integration of reactant atoms into the intended product and PMI is a measure of 

the total mass of materials utilized per mass of product. The E-factor is directly tied to the 

development of trash. These measurements might lead to varied ranks, hence numerous 

indications are better than a single score [31]. 

This is notably useful for industrial translation of PMI and solvent intensity, since isolation 

and purification are often the dominating factors in total material consumption. LCA takes 

this limit one step further by including raw material extraction, production, transportation, 

energy generation, process operation and disposal [32,33]. Thus a process that rates well on a 

laboratory green-chemistry metric might be poor at scale, if it relies on rare catalysts, hard-to-

recycle solvents or energy-intensive equipment [34]. 

Table 1. Selected green chemistry metrics applicable to organic chemical synthesis 

Metric Meaning Main limitation 

Atom economy Fraction of reactant atoms 

theoretically incorporated into 

product. 

Does not include solvent, work-

up or energy burden [35]. 

E-factor Mass of waste generated per 

mass of product. 

Definition of waste and process 

boundary can vary [36]. 

Process mass intensity Total mass of inputs divided by 

mass of product. 

Can be sensitive to reporting 

boundaries [37]. 

Reaction mass efficiency Product mass relative to 

stoichiometric reactant mass. 

Often excludes solvents and 

auxiliary operations [38]. 

Energy intensity Energy required per amount of 

product. 

Requires consistent process and 

energy boundaries [39]. 

Life-cycle assessment Environmental impacts across 

the full value chain. 

Data-intensive and dependent on

assumptions [40]. 
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3 Catalysis and Selective Bond Formation 

Catalysis is still the most generally potent tool to reduce waste and improve selectivity. The 

field of modern catalysis has evolved from precious-metal cross-coupling to earth-abundant 

metals, organocatalysts, heterogeneous catalysts, single-atom catalysts, photocatalysts, 

electrocatalysts and enzyme-based systems. The biggest sustainability benefit is achieved 

when the catalytic turnover is high, the catalyst loading is low, the selectivity is high, and the 

catalyst is either recoverable or consists of plentiful, low-toxicity materials [41,42]. Recent 

systematic study suggests that heterogeneous catalysts and supported nanocatalysts can 

provide excellent activity and reusability, while biocatalysts frequently offer exceptional 

selectivity [43]. However, catalyst recovery should not be considered to be benign: 

nanoparticle preparation, support synthesis, metal procurement and even regeneration might 

bring hidden consequences. Therefore, the catalyst selection should evaluate combined 

activity, selectivity, longevity, critical-element dependency, toxicity, recovery and end-of-life 

treatment [44]. 
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3.1 Transition Metal and Earth Abundant Catalysis 

Transition-metal catalysis still cannot do without the production of C–C and C–heteroatom 

bonds. Suzuki, Heck, Negishi, Buchwald-Hartwig and similar coupling methods have 

revolutionized synthetic planning by diminishing the necessity of severe stoichiometric 

conversions. Current trends include reduced catalyst loading, simpler ligands, aqueous or bio-

derived solvent systems, immobilized catalysts and substitution of rare metals by Fe, Co, Ni, 

Cu and Mn when possible [45,46]. Sustainable catalyst design involves the reduction of metal 

contamination in pharmaceutical products and the development of recovery systems that do 

not produce secondary waste. 

Recent work on sustained C–C and C–heteroatom bond formation emphasizes the confluence 

of transition-metal catalysis with photocatalysis, organocatalysis and late-stage 

functionalization [47]. These techniques may reduce synthetic sequences and enhance 

molecular complexity per operation, yet wide substrate scope, repeatability, catalyst lifetime 

and scale-up are still critical issues. 

3.2 Organocatalysis 

Organocatalysis is the use of small organic molecules, such as amines, N-heterocyclic 

carbenes, phosphines, Brønsted acids, hydrogen-bond donors and amino-acid-derived 

catalysts, to promote transformations in the absence of metals. Its green potential relies on 

metal avoidance, ease of operation and compatibility with mild surroundings. Organocatalytic 

asymmetric reactions are of particular interest because good stereoselectivity may avoid the 

need for resolution or repeated purification. Challenges include particularly high catalyst 

loading for certain processes, catalyst recovery and environmental effect of catalyst 

manufacture itself [48-50]. 

4 Visible Light Photocatalysis for Organic Chemistry 

Photocatalysis has emerged as a prominent platform for contemporary synthesis, since 

photons may induce single-electron and energy transfer processes that are difficult to perform 

thermally. Photocatalysis using visible light has enabled the formation of radicals under 

relatively moderate circumstances and has enlarged the scope of C–H functionalization, 

reductive coupling, oxidative coupling, cyclization, defluorination and late-stage 

functionalization. The green benefit is greatest when light is delivered effectively, 
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photocatalyst loading is modest and the process avoids harmful stoichiometric oxidants or 

reductants [51]. 

Key sustainability concerns remain. Photocatalytic processes may need dilute circumstances, 

specific LEDs, sacrificial reagents and photocatalysts using rare metals. Hence, the term 

“photocatalytic” should not be automatically linked with “green.” In particular, current 

research is mostly devoted to organic photocatalysts, heterogeneous semiconductors, earth-

abundant sensitizers, direct excitation, solar-light operation and flow photochemistry to 

maximize the usage of photons and scale-up [52]. 

5 Electrosynthesis and Electro-Photocatalysis 

Electrosynthesis substitutes traditional stoichiometric redox reagents with electrons provided 

at an electrode. Electrochemical synthesis allows for tuning the applied voltage to access 

selected oxidation and reduction pathways while generating minimal reagent-derived waste. 

Recent studies have highlighted the advances in modern electro-organic production including 

electrode materials, electrolytes, reaction media, reactor design, micellar catalysis and 

scalability [53]. 

Electrophotocatalysis is a combination of photochemical stimulation and electrochemical 

control. This hybrid strategy may synthesize highly reactive open-shell intermediates under 

circumstances that are difficult to achieve by either method alone. In 2024 an article in 

Chemical Reviews classified electrophotocatalytic reactions into oxidative, reductive and 

redox neutral classes, and emphasized applications in C–H functionalization, reductive cross-

coupling and olefin addition [54]. The approach has been more recently expanded to flow 

electrophotocatalysis and heterogeneous photoelectrochemical systems [55]. 

These approaches are especially interesting for future sustainable manufacturing, since power 

may be produced from renewable sources. But the sustainability is depending on the power 

mix, the lifespan of the electrodes, the recovery of the electrolyte, the reactor efficiency and 

the isolation of the product. Another substantial material cost might arise from the need of 

supporting electrolytes, spurring research toward electrolyte-free or mediator-minimized 

systems [56]. 

6 Biocatalysis and Photobiocatalysis 

Biocatalysis delivers an excellent mix of selectivity and gentle working conditions. Enzymes 

catalyze oxidation, reduction, hydrolysis, acylation, amination and carbon-carbon bond 
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formation processes with strong chemo-, regio- and stereoselectivity. This may result in the 

minimization of protecting-group procedures and the elimination of metal-based catalysts. 

Enzyme engineering, immobilization, cofactor recycling, whole-cell catalysis and integration 

with non-biological catalytic modes have been the focus of recent effort [57]. 

An important trend that is developing is the combination of hydrolase biocatalysis with 

chemo-, electro- and photocatalysis. Such hybrid systems may use the selectivity of enzymes 

and the wide reactivity of synthetic catalysts in cascade reactions that would otherwise need 

numerous independent stages [58]. Photobiocatalysis also progressed fast, taking use of 

excited-state enzymes, external photocatalysts or hybrid enzyme-photocatalyst systems to 

achieve new-to-nature reactions [59]. 
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The main issues are enzyme stability, substrate loading, cofactor cost, mass transfer, 

downstream isolation and process robustness. Immobilized enzymes and continuous-flow 

biocatalysis are attractive options, especially when the catalyst lifespan and recovery can be 

proved across numerous cycles [60]. 

7 Alternative reaction media and green solvent 

Solvents often provide the biggest material contribution to an organic process. Thus, solvent 

selection is one of the most important considerations in green synthesis. Safer alternatives to 

very toxic conventional media may include water, ethanol, 2-methyltetrahydrofuran, ethyl 

acetate, ethanol/ethyl acetate combinations, propylene carbonate, dimethyl carbonate and 

certain bio-derived solvents. However, the solvent choice should be based on the whole 

process, including production, toxicity, flammability, recovery, purification and end of life 

[61]. 

7.1 Aqueous and micellar chemistry 

Water is cheap and nonflammable and is accessible everyplace; yet, many organic substrates 

are poorly soluble in water. Surfactant-based micellar catalysis overcomes this barrier by 

offering nanoscopic hydrophobic environments in water. Recent work has showed that 

micellar systems may facilitate effective coupling and medicinal conversions and minimize 

the demand for traditional organic reaction solvents [62]. The final difficulty is to avoid 

merely shifting the solvent load on extraction and purification procedures. 

7.2 Deep eutectic solvents 

Deep eutectic solvents (DESs) are mixes of components that display a substantial melting-

point depression, generally via hydrogen-bonding or Lewis/Brønsted acid–base interactions. 

They may be made from reasonably available components and can operate as both solvent 

and catalyst. A study in 2025 pointed out their tunability and promise in condensation, 

oxidation, esterification, carbon−carbon bond formation, multicomponent processes, 

biocatalysis and electrocatalysis [63]. Important constraints include high viscosity, water 

sensitivity, limited toxicological data for certain formulations, and problems with recycling 

and product separation. 
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 Thus, DESs cannot be seen as intrinsically green but should be analyzed on a case-by-case 

basis. Report on the biodegradability and toxicity of each component, preparation energy, 

persistence, water demand and recovery approach. 

8 Solvent-Free Synthesis and Mechanochemistry 

Mechanochemistry is the application of mechanical energy, most often by grinding or ball 

milling, to drive reactions in the absence or with little bulk solvent. It may increase mass 

transfer, activate unreactive substances, lower reaction volumes and lead to transformations 

at relatively moderate temperatures. Recent studies highlight its suitability in one-pot 

multistep synthesis, heterocycle generation, functional-group interconversion and synthesis of 

active medicinal ingredients [64,65]. 

One-pot mechanochemical sequences are very desirable since they may avoid intermediary 

separation, solvent exchange and repetitive purification. In 2025, a study revealed an 

increased usage of successive one-pot mechanochemical techniques in multistep organic 

syntheses [66]. However, scale-up has to be considered carefully in terms of grinding energy, 

heat generated, equipment throughput, wear, mixing and repeatability. The environmental 

performance should be evaluated to improved solution operations, not inefficient legacy 

methods. 

9 Microwave and Ultrasound Assisted Synthesis of Organic Materials 

Microwave irradiation may speed up polar processes by fast volumetric heating, sometimes 

cutting reaction time and enhancing selectivity. Ultrasound may enhance mass transfer and 

cavitation-assisted activation. Recent studies on green synthesis have identified microwave-

assisted, ultrasound-assisted and other enhanced approaches as viable solutions to reduce 

reaction time and energy consumption [67]. Their sustainability benefit relies on the 

efficiency of the equipment, and if the reduced response time translates into lower overall 

energy usage. Continuous microwave systems and flow reactors provide enhanced 

temperature control compared to traditional batch equipment for scale-up. 

10 One-pot strategies and multi-component reactions 

Multicomponent reactions (MCRs) synthesize complicated compounds from three or more 

building units in a one-pot procedure. The Biginelli, Ugi, Passerini, Mannich, Hantzsch, 

Petasis and Groebke–Blackburn–Bienaymé reactions are particularly significant to medical 
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and diversity-oriented synthesis. Their intrinsic step economy and convergency may decrease 

solvent consumption and purification needs [68]. 

Recent breakthroughs include the combination of MCRs with catalysts, water as reaction 

medium, solvent-free conditions, mechanochemistry, microwave activation and renewable 

resources. In a study in 2026, the possibility of green MCRs to include energy saving 

methods, renewable catalysts and cleaner solvents while minimizing waste and improving 

molecular complexity per operation is emphasized [69]. The fundamental difficulty is to 

ensure that the benefits are still applicable when the process boundary includes purification, 

solvent recovery and scaling up. 

11 Process Intensification and Continuous Flow Chemistry 

Continuous-flow chemistry offers fine control over residence duration, temperature, pressure, 

mixing, and photon or electrochemical exposure. The small reactor size lead to better heat 

and mass transmission and may make hazardous intermediates safer to work with. Flow 

systems are particularly useful for rapid exothermic reactions, photochemistry, 

electrochemistry, gas-liquid conversions and multistep telescoped sequences. Nature Reviews 

Methods 2025 The primers article discusses continuous flow as an increasingly relevant 

method for molecular synthesis both in academia and industry [70]. 

Flow chemistry also serves as a bridge between laboratory discoveries and production. Batch 

to batch variance may be reduced by inline monitoring and automatic optimization. However, 

the evaluation of process intensification should not be only based on throughput. Pumping 

energy, the manufacture of reactors, pressure drop, solvent recycling, downstream 

purification and equipment lifespan should all be included in sustainability assessments. 

12 Renewable Feedstocks and Circular Organic Syntheses 

The source of carbon atoms is becoming more and more discussed in sustainable organic 

production. Biomass-derived platform molecules, lignocellulosic components, waste lipids, 

carbohydrates, terpenes, glycerol and other renewable resources may lessen the dependency 

on fossil carbon when handled appropriately. The aim is not to replace molecules from 

petroleum with molecules from biomass but to invent efficient transformations that maintain 

the value of carbon and are less intense in processing [71]. 

Circular chemistry goes farther by recovering resources and turning waste streams into 

feedstocks. Biomass valorization may be a source of chemicals, solvents and catalytic 
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supports but its sustainability is a function of land usage, water consumption, collection 

logistics, pretreatment energy and competition with food systems . Therefore, renewable 

origin should be seen as one feature of sustainability and not as a general proxy for 

environmental supremacy [72]. 

13 Green Synthesis of C–C and C–Heteroatom Bonds 

The production of C-C and C-N, C-O and C-S bonds lies at the heart of medicinal and 

materials chemistry. Conventional approaches may include the use of prefunctionalized, 

organometallic reagents or stoichiometric activators. Current strategies increasingly focus on 

direct C–H functionalization, reductive coupling, oxidative coupling, radical addition and 

late-stage diversification. These techniques may increase the step economy by circumventing 

prefunctionalization and minimizing the isolation of intermediates [73]. 

Photochemical, electrochemical and electrophotochemical C–N interaction has become a 

particularly active topic. These approaches allow the exploitation of radical and metal-free 

routes, as well as the fine-tuning of redox processes, as noted in a 2026 Nature Reviews 

Chemistry article [74]. Future development should concentrate on wide substrate tolerance, 

catalyst-free or catalyst-minimized versions, low energy activation and direct use of cheap 

feedstocks. 

14 AI, Machine Learning and Digitalization for Green Synthesis of Organic Materials 

Artificial intelligence and machine learning are becoming instruments for reaction prediction, 

catalyst selection, condition optimization, retrosynthesis and sustainability evaluation. The 

usefulness of their green-chemistry is because of the potential of lowering the number of 

trials necessary to discover efficient conditions and the incorporation of environmental goals 

directly into optimization [75].  
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The next generation of synthesis planning will probably include the simultaneous 

optimization of several objectives: yield, selectivity, cost, PMI, solvent hazard, catalyst 

criticality, energy consumption, and anticipated carbon footprint. Quality of experimental 

data and transparency of sustainability models will be needed for such systems. Hence, AI 

should be seen as a decision-support tool and not as a replacement for experimental 

validation or life-cycle analysis [76]. 

15 Applications in Pharmaceuticals, Fine Chemicals and Functional Materials 

Pharmaceutical synthesis is a significant driver of green chemistry since medicinal chemistry 

generally involves the fast creation of structurally diverse compounds and manufacturing 

requires repeatable, scalable and impurity controlled procedures. Catalytic asymmetric 

synthesis, biocatalysis, aqueous micellar chemistry, flow processing, and telescoped 

sequences may all decrease the number of steps and the need for solvents. In fine chemicals, 

selective catalysis may increase the atom economy and minimize waste from protection-

deprotection cycles. For functional materials, sustainable synthesis is increasingly related to 

the origin of monomer, solvent recovery, removal of catalyst and design of end of life [77]. 

The most convincing industrial examples mix response innovation with process change. Even 

a high yielding process may be ecologically bad if it needs a significant surplus of chemicals 

and a lot of chromatography. Conversely, a transformation that is catalytic, concentrated, 

solvent-efficient, telescoped and readily purified by crystallization or filtering may be 

advantageous even if it is moderate-yielding [78-82]. 

16 Challenges and Limitations 

Scalability remains a major challenge for many advanced laboratory methods. A reaction that 

performs well on milligram scale may behave very differently at kilogram or tonne scale 

because heat transfer, light penetration, mixing, and mass transport become more difficult to 

control. Catalyst lifetime is equally important: high initial activity does not ensure long-term 

stability, and frequent replacement or complex recycling can undermine both environmental 

and economic benefits [83,84]. 

Solvent recovery must be evaluated across the entire process. Even a solvent considered safe 

during the reaction can generate substantial waste during extraction, purification, drying, or 

disposal. Likewise, some photocatalysts and transition-metal catalysts rely on scarce or 

critical raw materials, raising concerns about supply security, mining impacts, and cost 

volatility [85]. 

Energy use requires careful accounting. Short reaction times are not automatically energy-

efficient if the process needs powerful lamps, continuous cooling, high-pressure equipment, 
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or energy-intensive separation steps. Comparisons are also complicated by inconsistent 

sustainability metrics: PMI, E-factor, and life-cycle assessment measure different boundaries 

and inputs, so results from separate studies may not be directly comparable [86,87]. 

Reproducibility presents another obstacle, especially for photochemical and 

mechanochemical processes. Small changes in reactor geometry, light source, milling 

conditions, temperature, or mixing can significantly affect yield and selectivity. For 

pharmaceutical and industrial adoption, processes must also meet strict regulatory 

requirements, including impurity control, validated analytical methods, reliable 

documentation, and robust supply chains [88]. 

Finally, economic trade-offs cannot be ignored. A technically greener route may still be 

impractical if catalysts are expensive, equipment investment is high, or product isolation 

requires difficult separations. Sustainable chemistry therefore needs to balance environmental 

gains with reliability, regulatory compliance, scale-up feasibility, and total manufacturing 

cost [89,90]. 
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17 Future Perspectives 

The future of green organic synthesizing will probably be one of integration rather than of 

replacement. Photochemistry may be combined with electrochemistry, enzymes with 

photocatalysts, mechanochemistry with microwave activation, and continuous-flow reactors 

can combine reaction, separation and inline analytics [91,92]. Such hybridization may 

facilitate transitions while mitigating particular shortcomings of each platform [93-95].  

Another important area is “sustainability by design” where route selection starts with stated 

environmental aims. Instead of maximizing yield first and then assessing sustainability, 

chemists may establish acceptable solvent classes, maximum PMI, catalyst criticality limits, 

energy objectives and purification limitations before experimental work starts [96]. This is in 

line with recent appeals to include sustainability as a key factor in organic production and 

catalysis.  

Digital chemistry will reinforce this foundation [97-99]. Automated flow platforms paired 

with high-throughput experimentation can quickly explore reaction space, machine learning 

can prioritize experiments, and multi-objective optimization can balance chemical and 

environmental performance. Ultimately good green chemistry should link molecular design, 

process design, manufacturing, supply-chain resilience and circularity [100]. 

18 Conclusions 

Modern organic synthesizing is shifting toward a process-centered paradigm where 

efficiency, selectivity, safety and environmental performance are maximized simultaneously. 

Powerful instruments for this shift include recent advances in photocatalysis, 

electrosynthesis, electrophotocatalysis, biocatalysis, mechanochemistry, aqueous micellar 

chemistry, deep eutectic solvents, multicomponent processes, and continuous-flow synthesis. 

But there is no technology that is green in all situations. The sustainability relies on the 

catalyst origin and lifespan, solvent generation and recovery, energy supply, concentration, 

separation, waste treatment and scale. 

Therefore, the most crucial future possibility is the integration of complementary 

technologies with quantitative sustainability evaluation. Green metrics, life-cycle analysis, 

automation and artificial intelligence may direct synthetic chemists toward chemically 

successful, resource-efficient and scalable methods. The integration of these ideas throughout 

the early stages of molecule and process design may make green chemistry a default 

approach rather than an alternative one for contemporary organic chemical synthesis. 
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