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Towards a Sustainable Tomorrow: Advancing Green Practices in 
Organic Chemistry
Sudripet Sharma,a Fabrice Galloub and Sachin Handa*a,c

The adoption of green chemistry principles has ushered in significant advancements in environmental safety and cost 
efficiency across various synthetic processes. One notable area of improvement lies in reducing the hazardous waste 
generated by using organic solvents in organic reactions. In contrast, the utilization of water as a solvent has emerged as a 
sustainable and environmentally friendly alternative. Micellar catalysis, driven by tailor-made surfactants, has played a 
pivotal role in enhancing water's efficacy as a solvent in organic synthesis. These designer surfactants boast unique 
structures that enhance the solubility of organic compounds in water and act as initiators or stabilizers for nanoparticle 
catalysts, facilitating efficient catalysis. Micelles function as nanoreactors, creating localized high concentrations of reactants 
that lead to unprecedented reaction rates and exceptional selectivity. This review underscores the plethora of sustainable 
protocols that have yielded outstanding results by leveraging aqueous micellar chemistry in pharmaceutical synthesis. 
Moreover, the review explores the integration of nanocatalysis using readily available first-row transition metals, with a 
particular emphasis on the role of surfactants in stabilizing the catalyst. The versatility of the proline-based surfactant PS-
750-M as a ligand or capping agent, enabling ligand-free metal nanocatalysis, is also addressed. Lastly, the review addresses 
current challenges and future avenues in green chemistry, stressing the importance of ongoing research and innovation.

Introduction

Over the centuries, industrial growth has been deemed 
essential for modern civilization. Yet, alongside its beneficial 
effects, industrial advancement has had adverse 
consequences on the environment, encompassing soil 
degradation, deforestation, ozone depletion, climate change, 
and water and air pollution, leading to the loss of 
biodiversity.1–3 As we traverse the 21st century, we confront 
monumental challenges, notably global warming driven by a 
continual increase in CO2 levels, resulting in the melting of 
glaciers and a consequent rise in ocean levels at a rate of 3.42 
mm per year.4,5 Furthermore, climate change, coupled with 
water and air pollution, significantly impacts human life 
quality.6,7 The irreversible human footprint on the 
environment underscores the imperative for "Sustainable 
Development," entailing the more judicious use of natural 
resources than in the past. To tackle these challenges, Green 
Chemistry is spearheading a revolution in chemical processes 
and technologies towards a sustainable future. This entails the 
integration of non-toxic and environmentally friendly 
reactants and solvents, the reduction or elimination of toxic 
transition-metal catalysts, the enhancement of reaction 

efficiency through greener additives, and the provision of 
environmentally benign synthetic pathways with high atom 
economy.8–10

Figure 1. 12 Principles of Green Chemistry.

The Brundtland Commission, established by the United 
Nations General Assembly in 1983, introduced the concept of 
sustainable development in their seminal report, "Our 
Common Future," published in 1987.11 Its goal is to maintain 
economic development while safeguarding the prospects of 
future generations to fulfill their needs.11 This laid the 
groundwork for the Rio Summit held in 1992 in Rio de 
Janeiro.12 Following this summit, the UN Commission on 
Sustainable Development was founded that same year, 
following the Rio Summit.12,13 Notably, in 1985, a coalition of 
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chemical industries collaborated to establish "The Responsible 
Care Global Charter," a set of ethical guidelines to ensure the 
safe handling of chemicals throughout their life cycles.13–15 
Additionally, the charter sought to underscore the chemical 
industry's role in promoting sustainable development and 
improving overall quality of life.14,15 Green chemistry gained 
prominence following the US Pollution Prevention Act of 
1990.16 By 1991, the Environmental Protection Agency (EPA), 
in partnership with the US National Science Foundation (NSF), 
initiated research grants to encourage redesigning chemical 
processes for reduced environmental impact.17,18 The Gordon 
Conference on Green Chemistry in 1996 marked a milestone in 
advancing green chemistry, providing a platform for early-
career chemists and scientists to exchange ideas.19,20 However, 
it wasn't until 1998 that clear guidelines emerged with the 
publication of the 12 principles of green chemistry in the book 
"Green Chemistry: Theory and Practice" by P. T. Anastas and J. 
C. Warner.21–23 These principles revolutionized sustainable 
practices, offering a comprehensive framework for minimizing 
the environmental footprint of chemical processes. They 
emphasize waste prevention, atom economy, sustainable 
synthesis methodologies, the development of safer and 
biodegradable products, the use of green solvents and 
renewable raw materials, energy efficiency, catalytic reagents, 
biodegradability, real-time process analysis, and safer 
chemical processes (Figure 1). Subsequently, the launch of the 
Green Chemistry journal by the Royal Society of Chemistry in 
1999 and the establishment of the ACS Green Chemistry 
Institute (ACS GCI) by the American Chemical Society further 
bolstered global awareness through workshops, 
collaborations, conferences, and educational materials.24–32 
Pharmaceutical industries also made strides in promoting 
Green Chemistry practices, with initiatives such as the ACS 
GCI's roundtable for pharmaceutical industries to accelerate 
the adoption of green and sustainable practices.13,33–38 These 
efforts have yielded positive outcomes, with numerous 
pharmaceutical companies embracing Green Chemistry 
Principles in synthesizing important drug molecules. 39,40

1.1. Impact of Green Practices on Pharmaceutical Industries

Green chemistry has significantly bolstered the 
pharmaceutical sector's environmental safety and cost 
efficiency. 10,39–41 Recent years have witnessed a marked 
decrease in waste generation, a trend underscored by data 
from the Environmental Protection Agency (EPA), revealing a 
notable 27% reduction in chemical waste since 2011.42,43 This 
decline primarily stems from enhanced recycling of chemicals 
and organic solvents. Industries have also embraced various 
source reduction strategies, including adopting optimal 
operating practices and process modifications, resulting in a 
36% decrease in waste and eliminating toxic reagents in favor 
of recyclable alternatives, leading to a 23% reduction in 
waste.43 Additionally, streamlining organic synthesis steps has 
contributed to waste reduction efforts. Such data vividly 
illustrates the undeniable advantages of green chemistry 
practices in curbing industrial waste.

The transformative impact of green chemistry practices on 
waste reduction is exemplified in the synthesis of Pfizer's 
Sildenafil citrate, commonly known as Viagra, a medication for 

erectile dysfunction.44 Traditionally, its synthesis involved 
eleven steps, yielding a mere 4.2%, and necessitated using 
corrosive and toxic chemicals like tin chloride and thionyl 
chloride. Notably, the conventional process generated a 
substantial 1300 liters of waste per kilogram of product.45 In 
contrast, innovative green synthetic methods employed eco-
friendly solvents such as butanol, EtOAc, and toluene, recycled 
throughout the process. The modified process dramatically 
increased the yield of the final three steps to 97%, resulting in 
a 75% overall yield while simultaneously slashing waste 
generation a mere 7 liters per kilogram of product.44 (Scheme 
1)

Scheme 1. Conventional versus modified route for the synthesis of 
Sildenafil citrate.

Another compelling illustration of the impact of green 
chemistry lies in the synthesis of ibuprofen, a widely used pain 
reliever. The conventional process, patented by the Boots 
company in 1960, comprised six stoichiometric steps, yielding 
a higher volume of waste and exhibiting only 40% atom 
efficiency.46 However, a notable advancement occurred with 
the development of a greener route by BHC (Boots-Hoechst-
Celanese), which streamlined the process to three steps while 
achieving an impressive atom economy of 99%. This innovative 
approach involved the recycling and reuse of organic solvents 
and byproducts like acetic acid. Such strides in sustainability 
garnered significant acclaim, culminating in the receipt of the 
prestigious Presidential Green Chemistry Challenge Award in 
1997 (Scheme 2).47,48
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Scheme 2. Conventional versus modified synthetic route for the 
synthesis of Ibuprofen.

In a parallel vein, the synthesis of adipic acid exemplifies 
integrating green chemistry principles into the production of 
widely utilized precursors.49 It also serves as a fundamental 
component in the synthesis of resins, lubricants, Nylon-6,6, 
and plasticizers.50 Its global market value in 2021 was 
estimated at 5.45 billion US dollars, underlying its pervasive 
role as a foundational element across the chemical, food, and 
pharmaceutical industries.51,52

Scheme 3. Conventional versus greener route for the synthesis of 
adipic acid.

Nevertheless, the conventional synthesis of adipic acid relies 
on benzene as the starting material, a recognized 
carcinogen.52,53 This method also demands harsh reaction 
conditions, including the use of nitric acid, leading to the 
generation of nitrous oxide, a potent greenhouse gas.54 
Embracing the principles of green chemistry, significant strides 
have been achieved, notably through the direct oxidation of 
cyclohexane, cyclohexanol, and cyclic hexanone to adipic acid 
using environmentally benign oxidants such as oxygen and 
hydrogen peroxide with water as a byproduct.55,56 Various 
recyclable and cost-effective catalysts, including metal oxides, 
carbon nanotubes, and polyoxometalates, have been 
explored.57,58 Particularly noteworthy is a synthetic pathway 
that leverages renewable feedstocks like glucose in 
combination with biocatalysts, offering a highly sustainable 
approach.59,60 The innovative methodology utilizes yeast to 
convert glucose into catechol and adipic acid, with water 
serving as the reaction medium under ambient pressure and 
temperature conditions (Scheme 3).59,60 Notably, in 2018, 
major industrial players, such as Bioamber, Rennovia, and 
Vedezyne, discontinued the production of adipic acid.61 
However, a promising resurgence is evident as Genomatica has 
forged a partnership with Asahi Kasei, a Japanese-based 
manufacturer, for commercial synthesis.62 Toray Industries is 
scaling up a new fermentation process for adipic acid 
production.63

Pfizer introduced Zoloft, an antidepressant medication, in 
1992.64,65 However, the traditional synthesis of its active 
ingredient, Sertraline, necessitates the use of significant 
amounts of toxic organic solvents like dichloromethane, THF, 
toluene, and hexane, leading to the production of 
approximately 100,000 liters of waste per 1,000 kilograms of 
Zoloft.66 Moreover, the process involves the utilization of 
titanium tetrachloride (TiCl4) during the imine formation step, 
posing safety risks due to its corrosive nature and the emission 
of HCl fumes in the presence of moisture or air, particularly in 
large-scale operations. To address these challenges and 
promote sustainability, Pfizer revised the synthetic protocol by 
eliminating the usage of toxic organic solvents like THF, 
hexane, and toluene.67 The updated process incorporated 
ethyl acetate and EtOH as solvents, which were recycled 
throughout the process, saving 75,000 liters of solvent per 
1,000 kilograms of Zoloft. Additionally, substituting palladium 
(Pd)/CaCO3 for corrosive TiCl4 led to more selective reductions, 
significantly boosting the isolated yield (Scheme 4). This 
greener approach is estimated to have reduced approximately 
80 million gallons of waste generation to date.67,68 

Scheme 4. Greener commercial route for the synthesis of Sertraline 
(Zoloft).
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One of the 12 principles of green chemistry advocates for 
avoiding protection-deprotection or blocking group strategies 
in synthetic protocols.22 These unnecessary derivatizations 
increase the number of steps and contribute to waste 
generation, diminishing process efficiency. A prime illustration 
is found in the synthesis of 6-aminopenicillanic acid, a crucial 
intermediate in semisynthetic penicillin production.69 The 
traditional three-step synthetic route involves the protection-
deprotection of functional groups and relies on hazardous 
reagents such as dichloromethane and PCl5 applied under 
harsh conditions.70,71 Moreover, to produce 1 kilogram of the 
product, 8.4 liters of CH2Cl2, 8.4 liters of n-BuOH, 1.2 kilograms 
of PCl5, and 0.6 kilograms of Me3SiCl, were utilized, resulting in 
a significant decrease in atom economy.70,71 However, a 
modern one-step enzymatic diacylation process conducted in 
water at 37 oC, employing NH3 to maintain the reaction’s pH, 
has emerged as a sustainable alternative.72 By circumventing 
protection-deprotection strategies, this approach enhances 
reaction efficiency, yield, and atom economy (Scheme 5). 

Scheme 5. Biocatalysis in the synthesis of 6-aminopenicillanic acid.

In the notable case study, Dow Chemical Company and BASF 
collaborated to develop a more environmentally friendly 
synthetic protocol for producing propylene oxide, a key 
compound among the industry’s top 30 common 
intermediates.73 Its annual production surpasses 14 billion 
pounds, serving as a fundamental component in the synthesis 
of detergents, polyethylene, glycol ethers, and personal care 
products.74 The traditional manufacturing route suffered from 
undesired side reactions, leading to increased waste 
generation and reduced overall yield.75 To tackle this 
challenge, Dow and BASF pioneered an innovative approach 
known as the HPPO (Hydrogen Peroxide to Propylene Oxide) 
process.76–78 The method involves the reaction of propylene 
and hydrogen peroxide in the presence of a ZSM-5-type zeolite 
catalyst, yielding propylene oxide (PO) as a final product in 
excellent yield, while water is the only co-product (Scheme 
6A).77 The new implementation of this process resulted in a 
remarkable 70-80% reduction in waste generation, earning it 
the Presidential Green Chemistry Challenge Award in 2010.79

Epichlorohydrin stands as another high-volume commodity 
chemical for the synthesis of epoxy resins.80,81 The 
conventional production route relies on propene and chlorine 
gas as primary raw materials, leading to the formation of allyl 
chloride at elevated temperatures. Subsequently, 
hydrochlorination of allyl chloride yields a 3:1 mixture of 1,3 
dichlorohydrin and 2,3- dichlorohydrin, which, under basic 
conditions, transforms into epichlorohydrin. However, this 
process suffers from low chlorine atom efficiency and 
generates undesirable byproducts such as HCl, chloride anion, 

and chlorinated compounds. In contrast, Solvay has developed 
a more efficient and environmentally friendly approach 
utilizing glycerin, a renewable feedstock.81–83 This two-step 
process, devoid of solvents, exhibits superior sustainability 
characteristics. It boasts an enhanced atom economy, 
minimizes the generation of chlorinated byproducts, and 
consumes 90% less water than the traditional approach 
(Scheme 6B).

Scheme 6. Traditional versus greener route for the synthesis of (A) 
propylene oxide and (B) epichlorohydrin.

1.2. Toxic Organic Solvents and Their Alternates

Organic solvents play a pivotal role in organic reactions,84 
serving as the reaction medium and used for product 
extraction and purification.84,85 However, their extensive use, 
especially in manufacturing processes, poses significant 
concerns regarding accidental discharge, problematic 
synthetic protocols, and disposal.86,87 Efforts to fully recover 
and purify used solvents face challenges due to their volatility, 
which increases the risk of exposure and compromises worker 
safety.88 In response to growing awareness about the hazards 
posed by certain solvents, attempts were made in the 1990s to 
substitute highly toxic ones with structurally similar safer 
alternatives. For example, benzene, identified as a potential 
carcinogen, was replaced by toluene, which also has 
limitations.89,90 Similarly, carbon tetrachloride, restricted in 
1989, gave way to chlorinated solvents such as 
dichloromethane or chloroform.91,92 However, later, 
dichloromethane and toluene were also found as harmful to 
unborn children and their organs.93,94 Subsequent findings by 
the World Health Organization (WHO) also highlighted the 
potential toxicity and carcinogenicity of chloroform and 
dichloromethane.90,95. Regulatory bodies like the European 
Union's REACH have imposed restrictions on the use of 
toluene, chloroform, and dichloromethane,96,97 along with 
solvents like DMF, DMAc, and NMP, which are slated for future 
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bans.98,99 This underscores the urgent need for clear guidelines 
to facilitate the transition from toxic organic solvents to 
greener alternatives.

Figure 2. Solvents for organic reactions. 

Several pharmaceutical companies, including Pfizer, 
GlaxoSmithKline, and AstraZeneca, have developed solvent 
selection guides.100–103 These guides were consolidated into a 
unified structure by the American Chemical Society's Green 
Chemistry Institute Pharmaceutical Roundtable (GCI-PR) in 
2010,104,105 streamlining the selection process based on criteria 
such as safety, health, and environmental impact (Figure 2). 
However, the direct replacement of toxic organic solvents with 
greener alternatives in existing protocols to enhance 
sustainability is infrequent in the industry. This is mainly due 
to the challenges associated with regulatory changes, 
including lengthy lead times and additional costs related to 
renewing regulatory approvals and modifying large-scale 
production facilities. Therefore, prioritizing the adoption of 
greener alternatives from the onset to improve process 
efficiency, yield, and atom economy while simultaneously 
reducing overall cost is paramount. 106,107

Solvents are often used in excess compared to reactants and 
products, significantly impacting the cost-effectiveness of any 
process. Adopting solvent-free methodologies or substituting 
more economical alternatives can lead to substantial cost 
reductions.84,85,106 While the ideal green method excludes 
solvents entirely, only a few processes can be performed in the 
gas phase without solvents.108,109 Mechanochemistry presents 
another alternative, heralded for its solvent-free, energy-
efficient, and low-temperature approach.110–112 Despite its 
advantages, its widespread applications in large-scale 
industrial processes remain limited. Additionally, organic 
solvents are still necessary for product isolation and 
purification, allowing only a marginal reduction in solvent 
usage.110

From a green chemistry perspective, the optimal green solvent 
should meet several criteria: (1) It should be readily available 
with a secure long-term source of supply. (2) Its performance 
should be on par or exceed that of conventional organic 
solvents. (3) High stability is essential. (4) It should be 
minimally or non-flammable. (5) Recyclability and affordability 
are crucial. (6) It should be non-toxic or should have acceptable 
ecotoxicity. (7) Biodegradability is desirable. (8) Easy handling 
is also important.113 Some alcohols, esters, carbonates, ethers, 
and other alternatives have been identified as greener options 
than commonly used solvents shown in Figure 2.103,114 
However, further toxicological and ecological data are needed 
for many biomass-based solvents. Regarding biomass-based 

solvents, questions still remain regarding cost efficiency, bulk 
availability, and possible recyclability. 113

Scheme 7. Green alternative to toxic organic solvents.

An emerging area within advanced green solvents 
encompasses ionic liquids,115,116 supercritical fluids,117,118 and 
deep eutectic solvents.119 Each of these solvent types comes 
with its own set of advantages and disadvantages. Ionic liquids 
are salts consisting of poorly coordinating ions, placing them in 
a category of polar non-coordinating solvents. Despite their 
efficacy, they often suffer from non-biodegradability and high 
costs, limiting their industrial-scale application.119-121 
Conversely, deep eutectic solvents have gained traction as 
substitutes for ionic liquids due to their affordability, ease of 
synthesis, biocompatibility, biodegradability, and low toxicity. 
While they find utility across various reaction types, challenges 
such as high viscosity, hygroscopicity, and compatibility issues 
necessitate further refinement.121,122

Supercritical fluids represent a promising alternative to 
traditional organic solvents.117,118 These fluids exist in a state 
where gas and liquid coalesce under specific temperatures and 
pressures, known as critical conditions. Supercritical CO2 
stands out for its non-toxic, non-flammable nature, cost-
effectiveness, and extensive application in processes like 
decaffeinating coffee and tea. Nevertheless, challenges 
persist, including the limited solubility of polar compounds and 
the necessity of specialized, often costly equipment, making 
their utilization primarily capital-intensive.117,118

The utilization of water as a green and sustainable reaction 
medium has captivated chemists for decades.123–125 Water 
presents an obvious choice due to its appealing attributes: 
inexpensive, abundantly available, non-flammable, and non-
toxic.123,124 However, its industrial applications still require 
refinement due to several factors, such as the limited solubility 
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of organic compounds and the instability of water-sensitive 
intermediates or catalysts within the reaction medium.126 
Despite these challenges, in academia, chemists persistently 
endeavor to pioneer new processes leveraging water as the 
sole solvent.127,128 Reactions employing water as a solvent are 
primarily categorized into “in water” and “on water.” 124,128–130 
The term “in water” denotes homogeneous reaction systems 
where reactants are entirely soluble, while “on water” refers 
to reactions conducted under heterogeneous conditions. 

124,128–130 In the 1980’s, Breslow and coworkers first showcased 
the use of water in Diels-Alder reactions, harvesting the 
hydrophobic effect.131 It was observed that heating water to 
high temperatures under critical or supercritical conditions 
mimics its polarity with organic solvents like ethanol or 
acetone, thereby facilitating higher reaction rates.131–133 
Water's unique properties, such as high surface tension due to 
hydrogen bonding ability and high dielectric constant, can 
enhance reaction rates and selectivity in organic 
transformations.132,133 However, elevated temperatures, 
additives, and phase transfer catalysis often augment the 
solubility of organic compounds.125,134,135 Notably, the 
reactants or products can decompose at higher temperatures. 
Furthermore, special water-compatible ligands and catalysts 
are required in catalytic processes, limiting water’s broad 
applicability.127,136

Scheme 8. Designer surfactants for micellar catalysis.

1.3. Aqueous Micellar Chemistry as a Sustainable Alternative.

Surface active agents, commonly referred to as surfactants, 
play a crucial role in organic transformations by harnessing the 
unique properties of water and enhancing its solubility 
profile.137,138 Surfactant molecules consist of distinct 
hydrophilic (polar head) or ionic components, along with 

hydrophobic (non-polar tail) fragments. When dissolved in 
water, the polar head interacts strongly with water, while the 
non-polar portion remains insoluble.139,140 As the 
concentration of the surfactant in water increases to a specific 
threshold, known as the critical micelle concentration (CMC), 
molecules aggregate to form micelles.139,140 In this 
micellization process, the non-polar tails are sequestered 
inside the micelles while the polar heads orient themselves 
towards the outer regions. This process is driven by entropy 
and results in the formation of micelles. In this process, the 
hydrophilic parts are surrounded by water molecules, while 
the interior of the micelle largely remains lipophilic.139 One key 
advantage of micelles is their ability to enhance the solubility 
of the organic species. Non-polar compounds are either 
encapsulated within the micelles or reside at the micelle’s 
polar-nonpolar interface, experiencing significantly higher 
local concentrations and thus promoting faster reaction 
rates.139–141 Micellar catalysis is an often-used term to describe 
surfactant-forming micelles as solubilizing nanoparticles. 
However, as stated years ago by Romsted, Bunton, and Yao, 
“micellar catalysis a useful misnomer,”142 correctly indicating 
that usually micelles do not participate in the reactions taking 
place, and hence, are technically not functioning as catalysts. 
Regardless, it presents an intriguing opportunity for recycling 
both the reaction media and the catalysts in organic 
transformations.143,144 After the reaction completion, the 
micellar solution containing the metal catalyst confined within 
the micelles can be easily recycled through simple filtration of 
the final product or extraction using water-immiscible organic 
solvents in minimal amounts. 

Figure 3. An overview of organic transformations enabled by micellar 
catalysis.

The most widely used surfactants are typically classified into 
three main categories: anionic, cationic, and non-ionic 
surfactants. In the latter category, PEG (polyethylene glycol) is 
predominantly employed as the hydrophilic part. Anionic 
surfactants feature an anionic head group paired with a long 
aliphatic tail.145–147 Sodium dodecyl sulfate (SDS) stands out as 
one of the most utilized anionic surfactants, renowned for its 
high solubility of organic species.145,148,149 Furthermore, 
charged metal species or metal nanoparticles (NPs) can 
interact with anionic micelles through ionic interactions, 
thereby enhancing stability and accelerating reaction rates 
(Scheme 8).150

Cationic micelles, while possessing catalytic potential, suffer 
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from limited applicability due to their propensity to bind 
strongly with metals, thereby diminishing catalytic 
activity.150,151 To mitigate this issue and prevent inactivation of 
catalysis, bulky ligands become necessary to shield the metals, 
albeit at the expense of constraining their utility in metal-
catalyzed reactions.151,152 In contrast, non-ionic surfactants 
represent a more prevalent class, esteemed for their stability 
and compatibility with biocatalysis.153,154 These surfactants 
often contain polyethylene glycol (PEG) as a hydrophilic 
component.127,129,135,155 Brij, Triton, and Tween stand out for 
their widespread adoption owing to their cost-effectiveness 
and efficacy in organic transformations.156–159 However, 
Triton’s toxicity led to its prohibition in Europe in 2020.160-162 
In response to sustainability imperatives, a new wave of 
designer surfactants has emerged,163–168 offering promising 
alternatives and leveraging micellar catalysis to facilitate 
diverse organic transformations (Scheme 8).169–172
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Scheme 9. Implementation of aqueous chemistry in the synthesis of API by 
Novartis.

Lipshutz's pioneering contributions have significantly 
advanced the realm of micellar catalysis, mainly through 
innovative methodologies facilitating the utilization of newly 
designed PEG-based surfactants across diverse organic 
transformations,173 notably in cross-coupling 
chemistry126,135,154,172 These surfactants, meticulously crafted 
to incorporate readily available, non-toxic, and biodegradable 
components, have garnered widespread acclaim. Among the 
notable iterations are the first-generation PTS, the second-
generation TPGS-750-M, and the third-generation SPGS-550-
M, also known as Nok, which have found extensive 
applications within the Lipshutz group.155,172,174,168 

Concurrently, the Handa group introduced a benign proline-
based surfactant, PS-750-M, engineered to emulate polar 
solvents like DMAc or DMF, proving instrumental in various 
organic transformations, particularly in transition metal-
catalyzed cross-couplings and nanocatalysis (Scheme 8).169,175–

182 Noteworthy is the prevalent use of polyethylene glycol 
(PEG) as a hydrophilic constituent in surfactants; however, 
these polyethers pose challenges due to their limited 
biodegradability and potential peroxide formation upon 
prolonged air exposure. In response, the Lipshutz group 
developed 'Savie,' a surfactant derived from Vitamin E and 
polysarcosine, distinguished by its biodegradability and 
absence of peroxide by-products. The broad spectrum of 
applications of these micellar media in organic 
transformations is illustrated in Figure 3.183.Notably, corrosive 

reagents are still needed for Savie’s synthesis.

The field of micellar catalysis has experienced remarkable 
expansion over the past two decades, attributable to its 
outstanding catalytic performance and application in various 
industrially significant organic transformations.184–186 In a 
milestone achievement, Novartis reported the first large-scale 
synthesis of an active pharmaceutical ingredient (API) utilizing 
surfactant technology in 2016.187 The five-step synthesis 
encompassed a range of chemical reactions, including SNAr 
reaction for N-arylation in the presence of a free hydroxy 
group, Pd-catalyzed Suzuki-Miyaura cross-coupling, and in situ 
hydrolysis of ester to acid, followed by acid-amine couplings, 
all conducted under an aqueous medium. The final step 
involved base-mediated ester hydrolysis in a water/MeOH 
system, yielding the API with an overall yield of 48%. This 
approach improved the overall yield by 5.5% compared to the 
traditional route, while exhibiting a lower process mass 
intensity (PMI) of 161. Furthermore, the surfactant process led 
to a significant cost reduction of 17% (Scheme 9).

Scheme 10. A sustainable 1-pot, 3-step synthesis of Boscalid using ppm 
Pd catalysis in aqueous micellar medium.

The Lipshutz group, in collaboration with Novartis, presented 
a compelling demonstration of employing a micellar medium 
in synthesizing a bioactive molecule.188 The focus was on 
Boscalid, an active fungicide marketed by BASF with an annual 
production of 1000 metric tons.189,190 However, the traditional 
synthetic route involves the high Pd loading in Suzuki-Miyaura 
couplings and the use of expensive Pt/C for nitro reductions 
under elevated hydrogen pressure, all conducted in organic 
solvents.189 The Lipshutz group developed a sustainable 3-step, 
1-pot methodology, employing a minimal amount of THF as a 
co-solvent. This approach entails C-C bond formations utilizing 
only 700 ppm of Pd catalyst within aqueous micelles of 2 wt % 
TPGS-750-M, under mild heating of 55 oC. Subsequently, the 
nitro reduction was carried out in the same pot using carbonyl 
iron powder (CIP), followed by Schotten Baumann’s reaction, 
resulting in the final product with an impressive overall yield 
of 83% (Scheme 10).188 

1.4. Adoption of Micellar Catalysis by the Pharmaceutical 
Industry

Novartis showcased the application of micellar catalysis in 
kilogram-scale synthesis of LSZ10, a bioactive drug recognized 
as an estrogen receptor-degrader effective against breast 
cancer.191,192 This endeavor involved a Pd-catalyzed Suzuki-
Miyaura coupling conducted on a 600-gram scale, utilizing only 
1.5 mol % Pd catalyst in aqueous micelles of 2 wt % TPGS-750-
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M.193 The additive LiBr was used to minimize unwanted 
hydrodebromination. The resulting product boasted high 
purity, and reduced PMI from 116 to 68 (Scheme 11). 

Scheme 11. A kilogram-scale Suzuki-Miyaura cross-coupling for the 
synthesis of LSZ10.

Takeda modified the production process of its API TAK-954, a 
receptor agonist utilized in treating post-operative 
gastrointestinal dysfunction.193,194 The conventional approach 
relied on multistep synthesis employing hazardous solvents, 
resulting in substantial waste generation. The overall yield was 
only 35%, accompanied by a PMI of 350. However, by 
integrating water as the primary reaction medium throughout 
all synthetic stages, organic solvent usage plummeted by 94%, 
leading to a notable enhancement in yield, rising from 35% to 
56%. Remarkably, this adjustment substantially reduced the 
process's PMI from 350 to 79. Furthermore, the utilization of 
organic solvents for product purification and isolation was 
significantly diminished (Scheme 12).193

Scheme 12. A greener synthesis of TAK-954 in water.

In 2019, Lipshutz and coworkers developed an innovative 
synthetic approach for producing Sonidegib, an anti-cancer 
agent.195,196 The conventional method posed challenges due to 
its reliance on organic solvents and high Pd loading (10 mol %) 
for the Suzuki-Miyaura coupling step.197 The modified greener 
method involved the amide coupling performed utilizing DCC 
(N,N'-dicyclohexylcarbodiimide) and catalytic DMAP (10 mol 
%) in aqueous solution of 2 wt % TPGS-750-M, resulting in 82% 
isolated yield. Subsequently, the Suzuki-Miyaura coupling was 

executed with only 5000 ppm (0.5 mol %) of Pd loading, 
compared to 10 mol % in the traditional method, under mild 
micellar conditions.195 The final product Sonidegib, was 
obtained with an overall yield of more than 80%. The new 
methodology exhibited a fivefold reduction in E-factor 
compared to the conventional method (Scheme 13).

Scheme 13. Greener synthesis of Sonidegib.

In a notable application of micellar catalysis in medicinal 
chemistry, AbbVie reported a direct comparison between 
micellar catalysis and chemistry in a traditional organic solvent 
to synthesize bioactive molecules.198,199 Surprisingly, certain 
reactions that yielded no product in organic solvents proved 
successful in micellar media. For instance, Sonogoshira 
couplings employing a 5 mol % Pd and 10 mol % CuI system in 
DMSO failed to produce the desired arylated alkyne product. 
However, employing aqueous micellar conditions with a lower 
catalyst loading of 1 mol % Pd and no Cu resulted in a 48% 
isolated yield of the desired product (Scheme 14a).198,199 
Similarly, the Rh-catalyzed synthesis of dihydroquinolinones 
was performed in dioxane and aqueous micelles of TPGS-750-
M, which showed significant differences. When the reaction 
was conducted with [RhCl(COD)]2, KOH as a base, and 1,4-
dioxane as solvent under reflux conditions, no product was 
obtained. Conversely, employing micellar conditions at room 
temperature yielded the desired product in a 78% yield. These 
examples showcased the superiority of micellar catalysis over 
traditional methodologies (Scheme 14b).198,199

Scheme 14. AbbVie’s comparison of conditions for a) Sonogashira-
couplings, and b) 1,4 -cyclization (traditional versus micellar catalysis).
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In a recent endeavor to scale up a challenging C(sp2)-C(sp3) 
cross-electrophilic coupling, Novartis executed a kilo-scale 
synthesis of an intermediate for their drug candidate 
employing dual Ni/Cu catalysis under micellar conditions.200 
Traditionally, such methods relied on toxic organic solvents, 
primarily DMF, DMAc, and NMP. However, this report 
introduces the first cross-electrophile coupling in water 
utilizing 2 wt % aqueous TPGS-750-M as a reaction medium at 
a kilo-scale. Remarkably, the desired product was obtained 
with an excellent yield of 85% and 98% purity through a single 
isolation process (Scheme 15).

Scheme 15. The first example of kilo-scale cross-electrophilic coupling using 
dual Ni/Cu catalysis in the aqueous micellar environment by Novartis. 

1.5. Sustainable Nanocatalysis in an Aqueous Environment

Organometallic catalysts serve as a cornerstone in several 
organic transformations.201 Catalysis is broadly categorized 
into homogeneous and heterogeneous catalysis.202 
Homogeneous catalysis is a type of catalytic reaction in which 
both the catalyst and the reactants are in the same phase, 
typically in a solution or a gaseous state. The catalyst 
molecules interact directly with the reactant molecules to 
facilitate the reaction, and the catalytic cycle occurs entirely 
within the same phase. This type of catalysis often involves 
coordination complexes or organometallic compounds as 
catalysts, where the active species undergo reversible 
coordination with reactants to lower the activation energy of 
the reaction.203 On the other hand, heterogeneous catalysis 
refers to a type of catalytic reaction where the catalyst exists 
in a different phase from the reactants. Typically, the catalyst 
is in a solid phase, while the reactants are either in the gas or 
liquid phase. In heterogeneous catalysis, the reactant 
molecules adsorb onto the catalyst's surface, where the 
catalytic reaction occurs. Unlike homogeneous catalysis, 
where the catalyst and reactants are uniformly mixed, the 
catalyst remains distinct from the reaction mixture in 
heterogeneous catalysis.203,204 While homogeneous catalysis 
finds widespread use in the chemistry community due to the 
enhanced interactions between metal complexes and 
reactants,205-207 a notable drawback is the challenge of 
separating metal catalysts from final products, leading to 
metal contamination—a significant concern in the 
pharmaceutical industry.208 In contrast, heterogeneous 
catalysis involves immobilizing the metal on solid supports, 
minimizing or eliminating metal leaching, and enhancing 
recyclability, albeit with lower catalytic activity due to fewer 
accessible active sites.204,206 To address such challenges 
inherent in traditional organometallic catalysis, NP catalysis 
has emerged as a promising field, combining characteristics of 
both homogeneous and heterogeneous catalytic systems.209–

211 NPs offer advantages such as large surface area, high 
catalytic activity, and selectivity.212 Their poor solubility in 
some organic solvents facilitates easy separations and 
recyclability, thus mimicking the benefits of homogeneous 
catalysis while overcoming the limitations of accessing fewer 
catalytic sites (Figure 4).209,211

Despite their promising attributes, NP catalysis faces several 
sustainability challenges. These include the utilization of costly 
ligands and metals, the propensity of NPs to aggregate, leading 
to diminished catalytic activity,213 instability in the aqueous 
medium,214 scalability and reproducibility concerns in their 
synthesis,215 potential toxicity,216 difficulties in post-reaction 
catalyst recovery,217 bench-stability, and the risk of metal 
leaching.218 To overcome these challenges, it is imperative to 
devise innovative processes that leverage earth-abundant 
metals and micellar catalysis. This approach aims to enhance 
the robustness and recyclability of resulting catalysts while 
mitigating the need for expensive ligands.

Figure 4. Comparison of nanocatalysis with homogeneous and 
heterogeneous catalysis.

1.5.1. Non-precious Transition Metal Nanocatalysis 

The selection of metal plays a pivotal role in synthesizing 
sustainable NP catalysts. Over the last few decades, precious 
transition metals, such as Pd, iridium (Ir), rhodium (Rh), and 
ruthenium (Ru), have primarily dominated cross-coupling 
chemistry.219–221 However, their rarity in the earth's crust, 
particularly the 4d and 5d-transition metals, escalates 
production costs.222,223 A 2011 British Geological Society report 
raised alarms regarding potential supply disruption for metals 
like Ru, Rh, Pd, Ir, and Pt.224 Similar concerns were echoed by 
US authorities, emphasizing the necessity for transitioning 
towards more sustainable alternatives.224 Also, most of these 
metals are toxic, and their removal from the final drug 
molecules is highly challenging and requires intensive 
purification strategies.208,225 For example, the maximum 
acceptable limit for iron (Fe) in active pharmaceuticals stands 
at 1300 ppm, while precious metals like platinum (Pt), Pd, or Ir 
are restricted to a mere 10 ppm.225,226 Therefore, integrating 
earth-abundant, less toxic early 3d-transition metals into 
cross-coupling chemistry is imperative for fostering 
sustainable NP catalysis. Despite inherent challenges 
associated with base metal catalysis, including instability of 
metal complexes and a preference for single-electron transfer, 
substantial progress has been witnessed in the past 
decade.227,228
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1.5.2. Copper Nanoparticle Catalysis 

Copper (Cu)-based NPs find extensive utility in a range of 
organic transformations, electrocatalysis, and photocatalysis 
applications.229,230 Furthermore, Cu-catalyzed Huigen 1,3-
dipolar cycloadditions of alkyne and azide, yielding substituted 
triazole, is widely used in pharmaceutical industries.231–234 The 
significant impact of these advancements was recognized in 
2022 when Carolyn R. Bertozzi, Morten Meldal, and K. Barry 
Sharpless were honored with the Chemistry Nobel Prize for 
their seminal contributions to click chemistry.235 It is well 
established that Cu(I) is the active catalyst in the cycloaddition 
reaction.236 However, due to the inherent instability of non-
ligated Cu(I) species in an aqueous medium, they are either 
generated in situ within the reaction mixture through the 
reduction of Cu(II) or oxidation of Cu(0), or are stabilized by 
supported materials to form Cu(I) NPs.237–239 Doris and 
coworkers encapsulated the Cu2O NPs by oleic acid in 
pegylated (polyethyleneglycol, MW= 550 Da) polydiacetylene 
(DA) micelles, enabling efficient cycloaddition reaction at room 
temperature. The size of these Cu NPs (Cu2O@pDAPEG) was 
found to be 9 nm. By shielding the Cu(I) NPs within the 
micelle's inner core, undesired oxidation of Cu(I) to inactive 
Cu(II) was prevented. Notably, the micellar-stabilized Cu(I) NPs 
exhibited high activity and recycling for up to five cycles 
(Scheme 16).240

Scheme 16. Cu2O@pDAPEF-catalyzed aqueous Huisgen cycloaddition 
reaction.

Recently, Handa and coworkers developed Cu(II) nano 
aggregates that in situ produce Cu(I) NPs upon light irradiation 
in the presence of sodium azide, enabling ppm level (1000 
ppm) Cu(I) catalysis in an aqueous micellar environment 177. It 
was demonstrated that the SS-550-M, a modification of PS-
750-M with a lower chain length of mPEG (500-M), played a 
crucial role in generating and stabilizing Cu NPs through its 
tertiary amide core. Mixing CuI with aqueous micelles of SS-
550-M and NaN3 led to the formation of amphiphile-bound Cu-
azide nanomaterial. High-resolution transmission electron 
microscopy (HRTEM) and scanning electron microscopy (SEM) 
analysis revealed the presence of nano-rings with a size range 
of 100-120 nm. The binding of Cu with the tertiary amide core 
of SS-550-M was confirmed using 13C NMR, 15N NMR, and IR 
spectroscopy. XAS analysis confirmed the oxidation state of Cu 
in nanomaterial as +2. However, exposure of NPs to white LED 
conditions resulted in a reduction of Cu(II) to Cu(I), as verified 
by X-ray absorption spectroscopy (XAS) analysis. Density 
Functional Theory (DFT) calculations, in conjunctions with XAS 
analysis, suggested an azide-to-Cu charge transfer mechanism 
responsible for the generation of Cu(I) species. This unique 
photoactive Cu nanomaterial was employed in [3+2]-
cycloadditions of in situ generated perfluoroazide and alkyne 

under white LED irradiation with catalyst loading of 1000 ppm. 
The methodology demonstrated a broad substrate scope, and 
the nanomaterial exhibited high stability for up to 3 months 
(Scheme 17).

Scheme 17. Aqueous Cu(II) nanoaggregates for ppm Cu(I) catalysis.

Khan and coworkers demonstrated the use of CuO NPs in 
catalyzing click reaction for one-pot synthesis of substituted 1-
alkyl-1,2,3-triazole-4-methanol, followed by oxidation with 
PCC (pyridinium chlorochromate) to access 1-alkyl-1,2,3-
triazole-4-carbaldehyde in an aqueous medium.241 Various 
alkyl halides were reacted with propargyl alcohol in the 
presence of sodium azide, 5 mol % Cu NPs, and 10 mol % 
sodium ascorbate to yield various triazoles, which were 
subsequentially oxidized. Notably, the final triazole-4-
carbaldehydes underwent further reaction with 
phenylacetylene and aminopyridine, forming nitrogen-rich 
substituted heterocycles (Scheme 18).241

Scheme 18. Cu NPs catalyzed for the synthesis of 1-alkyl-1,2,3-triazole-
4-carbaldehyde and 2-triazolyl-imidazo[1,2]pyridine.

CuO NPs found application in synthesizing benzoxazole, a 
common moiety present in many bioactive natural products 
responsible for their anticancer activities.242,243 Patel and 
coworkers demonstrated the synthesis of O-hydroxyphenyl 
benzamides and 2-arylbenzoxazoles utilizing CuO NPs in an 
aqueous medium.244 O-hydroxyphenylbenzamides were 
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synthesized using non-ligated CuO NPs in combination with 
Cs2CO3 as a base, resulting in moderate-to-good yields. 
However, when CuO NPs were ligated with TMEDA 
(tetramethylethylenediamine), high selectivity towards 2-
arylbenzoxazoles was achieved with excellent yields. The 
catalyst exhibited good recyclability for up to 5 cycles (Scheme 
19).244
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Scheme 19. CuO NPs in the synthesis of benzoxazoles and O-
hydroxyanilides.

Handa and coworkers introduced a novel copper-perylene 
diimide (PDI)-based polymeric nanomaterial for the 
sustainable aerobic oxidation of alcohols in an aqueous 
micellar medium.245 The synthesis of this nanomaterial 
involved the complexation of Cu(CH3CN)4PF6 with PDI at 80 oC 
in dimethoxyethane for 14 h. Characterization by SEM 
confirmed the porous nature of the resulting material with 
nanochannels, while X-ray photoelectron spectroscopy (XPS) 
validated the +1 oxidation state of Cu in the nanomaterial. 
Under white light irradiation, utilizing 5 mol % Cu 
nanomaterial, 10 mol % TEMPO (2,2,6,6-tetramethyl-1-
piperidinyloxy), and aqueous micelles of PS-750-M, enabled 
the oxidation of benzylic alcohols to their corresponding 
aldehydes with broad substrate scope and high selectivity. The 
Cu-PDI nanomaterial exhibited high recyclability, retaining its 
activity for up to two cycles without significant loss. 
Mechanistic insights, derived from time dependent DFT 
calculations, suggested that visible light triggered a charge 
transfer forming a triplet state, subsequently quenched by 
molecular oxygen, thereby responsible for the redox processes 
(Scheme 20). 

Scheme 20. Polymeric Cu(I) NPs for the sustainable aerobic oxidations 
of alcohols in aqueous micellar conditions.

1.5.3. Iron Nanocatalysis 

Fe, the second most abundant metal in Earth’s crust, boasts a 
plethora of inexpensive and readily available salts.226 
Moreover, it is non-toxic and plays a vital role in various 
biological systems, such as metalloproteins facilitating the 
transportation of oxygen in the body.246 Additionally, it 
exhibits Lewis acid characteristics and can exist in variable 
oxidation states.247–249 These unique properties endow Fe with 
vast applications in organic synthesis, encompassing 
cycloadditions, substitutions, reductions, hydrogenations, 
oxidations, couplings, and rearrangements.247–251 
Furthermore, the synthesis of Fe NPs with magnetic properties 
has emerged as a burgeoning field in catalysis owing to their 
high surface area, which enhances catalytic activity and their 
ease of separation.252–254 For example, Varma and co-workers 
synthesized magnetic Fe -NPs supported on tripeptide 
glutathione, utilizing the thiol group of glutathione to anchor 
the Fe surface. Transmission electron microscopy (TEM) 
analysis of the NPs revealed uniformly distributed spherical 
NPs with an average size of 10-12 nm.255,256 This nano ferrous-
glutathione (nano-FGT) was employed in the Paal-Knorr 
reaction to synthesize pyrroles from amines under an aqueous 
medium and microwave (MW) conditions. Both aliphatic and 
aromatic amines proved compatible under reaction 
conditions, yielding the desired pyrroles with good-to-
excellent yields. The NP catalyst demonstrated compatibility 
with the homocouplings of aryl boronic acids in an aqueous 
medium. Notably, due to the magnetic nature of the NPs, the 
catalyst was quickly removed using an external magnet. The 
recovered catalyst retained its activity for up to 5 cycles 
without losing activity (Scheme 21).255,256

Fe nanocatalysis remains a relatively underdeveloped field 
within organometallic catalysis, which is characterized by 
limited applicability to industrial settings.257,258 Handa and 
Lipshutz have made significant strides in this area by 
developing doped Fe NPs containing trace metals such as Pd, 
Cu, or Ni at ppm levels to facilitate various organic 
transformations.259–265 The NPs are prepared from inexpensive 
FeCl3 using MeMgCl as a reductant in THF. A diverse array of 
transformations, including Suzuki couplings, cycloadditions, 
reductions, Negishi couplings, Heck reactions, and Sonogeshira 
couplings, can all be achieved using ppm levels of Pd or Ni or 
Cu and different phosphine ligands alongside Fe as a base 
metal.259–267 

Scheme 21. Nano ferrous-glutathione (nano-FGT) for Paal-Knorr 
reaction to synthesize pyrroles from an amine.
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In 2015, Handa and Lipshutz introduced a new class of Fe-
based NPs featuring a ppm level of ligated Pd for sustainable 
C-C couplings in an aqueous medium.265 The reaction 
proceeded under mild aqueous conditions (rt – 45 oC) with an 
exceptionally low loading of 350-400 ppm Pd. The versatility of 
this technology was demonstrated across numerous 
substrates with good-to-excellent yields. Control experiments 
revealed the importance of both metals in achieving the 
desired reactivity, as no reaction occurred in the presence of 
Pd or Fe alone. TEM analysis unveiled needle-shaped NPs 
comprising both Fe and ligated Pd. Subsequently, the 
efficiency of this technique was linked to the nano-to-nano 
effect.267 Cryo-TEM analysis confirmed that mPEG acted as a 
stabilizer, facilitating the delivery of reactants from 
nanomicelles to the NPs for efficient catalysis (Scheme 22a). 

The modification of Fe ppm Pd NPs utilizing only 80 ppm of 
Pd(OAc)2 relative to FeCl3 under ligand-free conditions was 
reported for nitro reductions under micellar conditions. The 
reaction conditions were mild, employing NaBH4 as a 
reductant at room temperature, and proved applicable to a 
broad range of substrates.259 The representative examples are 
depicted in Scheme 22B. Subsequently, Fe NPs doped with 
ppm levels of Pd and Ni were synthesized, exhibiting enhanced 
activity and broad functional group tolerance towards nitro 
reductions.264

Scheme 22. Fe/ppm Pd NPs for sustainable a) Suzuki-Miyaura 
couplings, and b) nitro to amine reductions in aqueous micellar 
conditions.

Extending on this technology, new Fe ppm Cu NPs were 
synthesized using 1000 ppm Cu(OAc)2 and applied to 
cycloaddition of azides and alkynes to form substituted 

triazole-products.268 A variety of 1,4-disubstituted triazoles 
were synthesized with moderate-to-excellent yields. The trace 
Cu impurity in the isolated product was < 1 ppm, as detected 
by inductively coupled plasma mass spectrometry (ICP-MS) 
analysis. Notably, the aqueous mixture and the NPs were 
recyclable up to 5 times, demonstrating the robustness of the 
methodology (Scheme 23). 

Scheme 23. Fe/ppm Cu NPs for sustainable cycloadditions in aqueous 
micellar conditions.

This Fe ppm Pd technology was further extended to various 
cross-couplings. For example, Fe NPs synthesized using XPhos 
as ligand with 500 ppm Pd were applied on Cu-free 
Sonogashira couplings under mild aqueous micellar conditions 
(Scheme 24A).262 Several diverse substrates were synthesized 
using this methodology, including direct application in the 
synthesis of bioactive molecules. A recycling study 
demonstrated that both the aqueous medium and the NP 
catalyst could be recycled five times, achieving a remarkably 
low E-factor of 4.1.262 On similar grounds, by replacing the 
ligand from XPhos to AmPhos and employing 2500 ppm Pd 
loading, new Fe ppm Pd NPs were developed and utilized in 
water-sensitive Negishi couplings in aqueous micellar medium 
(Scheme 24B).269 The approach proved compatible with a 
diverse range of highly functionalized (hetero)aromatic 
bromides, yielding coupling products with good-to-excellent 
yields. Notably, a head-to-head comparison with traditional 
Negishi couplings used in the industry showcased the 
superiority of the Fe ppm Pd NPs technology, offering higher 
yields, remarkably low catalyst loading (ppm Pd with no Ni and 
Ir), and eliminating the need for toxic organic solvents as 
reaction media.269

In 2021, the Lipshutz group extended this technology to 
Mizoroki-Heck couplings in an aqueous medium (Scheme 
24C).270 NPs derived from FeCl3 and ppm Pd ligated with t-Bu3P 
proved highly active for the coupling reaction under mild 
conditions, demonstrating a broad substrate scope. 
Intriguingly, no residual Pd was detected in the purified 
products. The methodology was further extended to gram-
scale reactions, achieving an impressively low E-factor of only 
0.62.270
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Scheme 24. Fe/ppm Pd NPs for; (A) Cu-free Sonogeshira couplings, (B) 
Negishi coupling, and (C) Mizoroki-Heck couplings in an aqueous 
micellar medium.

1.5.4. Nickel Nanoparticle Catalysis

Nickel (Ni) demonstrates broad applicability in cross-coupling 
chemistry owing to its diverse range of active oxidation states, 
high abundance in the Earth's crust, and low cost compared to 
precious transition metals.271–273  Nonetheless, recent research 
highlights that Ni catalysis for various cross-couplings in 
organic solvents leads to increased waste generation in terms 
of carbon footprint compared to Pd catalysis in aqueous 
medium.274 This discrepancy underscores the significant role 
of the solvent type. Consequently, integrating Ni with micellar 
catalysis may be pivotal for sustainability. Utilizing NP catalysis 
opens avenues for developing potentially more sustainable 
reaction pathways. However, synthesizing Ni NPs in aqueous 
micelles poses challenges due to the difficulty of reducing Ni(II) 
to Ni(0) in water at ambient temperature.275–277 Ni(0) exhibits 
high instability in moist conditions, readily forming NiO, Ni2O3, 
or Ni(OH)2.278–280 In 2015, Handa and Lipshutz introduced a 
novel class of Ni NPs as a sustainable alternative to toxic and 
rare earth metals like Pd for Suzuki-Miyaura cross-couplings.281 
Unlike conventional methods necessitating high Ni loading, 
excess ligand, elevated temperatures, toxic organic solvents, 
and dry conditions, their approach operated under mild 
conditions in an aqueous medium, eliminating the need for dry 
organic solvents.273 The Ni NPs, ligated with ferrocene-based 
ligand, were synthesized using MeMgBr as a reductant and 
exhibited excellent functional group compatibility in C-C 
couplings of various aryl-heteroaryl halides. Ni loading ranged 
from 1 mol % to 3 mol %, depending on substrates, was 
required. The reaction medium and the catalyst were 
recyclable, and the residual Ni content in the final products 
was below 5 ppm (Scheme 25).

Scheme 25. Ligated Ni NPs for sustainable Suzuki-Miyaura couplings in 
aqueous micellar medium.

Due to the inherent instability of Ni(0) and its susceptibility to 
oxidation under aqueous conditions, Handa and coworkers 
devised a strategy to stabilize Ni(0) at the nanoscale through 
doping with Pd.180 Only a minimal amount of Pd, in conjunction 
with a proline-based surfactant, was found to be indispensable 
for maintaining the stability of Ni(0) NPs. The synthesis 
involved the combination of 1 mol % Pd(OAc)2, 10 mol % 
Ni(OAc)2 ligated with 3,4,7,8-(Me)4-1,10-phenanthroline, and 
20 mol % MeMgBr as a reductant in THF, followed by the swift 
addition of the proline surfactant PS-750-M. HRTEM analysis 
confirmed the formation of microballs of Ni/Pd NPs, while XPS 
confirmed the zero oxidation state of Ni and Pd within these 
microballs. These Ni(0) NPs exhibited exceptional selectivity 
for carbamate deprotection in the presence of benzyl ethers 
under ambient hydrogen pressure with mild heating at 45 oC 
under aqueous micellar conditions. This methodology 
demonstrated broad applicability for Cbz deprotection in the 
presence of O-benzyl, N-benzyl, olefins, and nitriles groups. 
The NP catalyst displayed high stability, with the one-month-
old catalyst retaining effectiveness comparable to that of the 
fresh one. However, the presence of ligand remained 
necessary to stabilize Ni(0) species in water (Scheme 26).180

Scheme 26. Ni(0)Pd(0) NPs for selective carbamate deprotection in the 
presence of benzyl ethers under aqueous micellar medium.

To synthesize ligand-free Ni(0) NPs in water, Handa and 
coworkers developed a method involving the stabilization of 
Pd-doped Ni NPs using a designer amphiphile, PS-750-M 
possessing a tertiary amide core.176 The binding of micelles to 
NPs through the proline linker of the surfactant was confirmed 
via surface-enhanced Raman spectroscopy, revealing a shift in 
the carbonyl signals of the amphiphile when bound to the 
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metal NPs. The stable Ni(0)/Pd(0) NPs displayed remarkable 
selectivity in 1,4-reductions of enones, enamides, enenitriles, 
and ketoamides under ambient hydrogen pressure at 45 oC 
within an aqueous micellar environment. The methodology 
demonstrated applicability across a wide range of substrates 
with high selectivity. However, the NPs were sensitive to air, 
leading to a reduction in selectivity primarily due to the aerobic 
oxidation of Ni(0) to Ni(II) (Scheme 27).176

Scheme 27. Ligand-free Ni(0)Pd(0) NPs for selective 1,4-reductions in 
an aqueous micellar medium.

Lipshutz and coworkers harnessed the unique selectivity of Ni 
NPs for the selective mono- and di-hydrodehalogenative 
reductions of gem-dibromocyclopropanes.282 Employing 5 mol 
% Ni(OAc)2 with 3,4,7,8-(Me)4-1,10-phenthroline as a ligand, 
NaBH4 as the hydrogen source, and pyridine as a base, resulted 
in selective dehalogenation of dibromocyclopropanes with 
good functional group tolerance. Furthermore, reducing the 
loading of Ni(OAc)2 to 0.5 mol % ligated with 2,2’-bipyridine 
resulted in highly selective debromination, affording mono-
brominated cyclopropanes as the sole product (Scheme 28).282 

Scheme 28. Ni NPs catalyzed mono- and di-reductions of gem-
dibromocyclopropanes under mild, aqueous micellar medium.

1.6. (Nano)-Palladium Catalysis in Aqueous Media

Scheme 29. Pd NPs catalyzed highly selective reductions of alkynes to 
Z-selective alkenes.

Pd stands as the most potent and extensively employed metal 
in cross-coupling chemistry.190,219,283,284 Given its broad utility, 
developing Pd NPs with heightened catalytic efficiency and 
recyclability represents a burgeoning frontier in catalysis.285–

288 Pd(II), in the presence of mild reductants, readily undergoes 
reduction to Pd(0), subsequently aggregating to form Pd(0) 
NPs.286,288,289 These Pd NPs have exhibited remarkable activity 
and enhanced selectivity in the cross-couplings.286,290 For 
example, in 2014, Lipshutz and coworkers demonstrated the 
synthesis of Pd NPs through the admixture of Pd(OAc)2 with 
NaBH4 under aqueous micellar conditions. These NPs 
displayed high selectivity in reducing alkynes to Z-selective 
alkenes at room temperature.291 The reaction proceeded 
under mild conditions, with hydrogen gas at ambient pressure, 
and showcased applicability across a wide range of 
functionalized alkynes. Both the NPs and the micellar medium 
were recyclable (Scheme 29).291

 

Scheme 30. Bimetallic Cu/Pd NPs for Buchwald-Hartwig aminations in 
an aqueous micellar medium.

The Handa group has demonstrated the unique properties of 
Pd NPs (with or without ligand) in combination with designer 
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aminations, which are challenging due to NP deactivation 
caused by their binding with amine substrates, was made 
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bond formations. Micelles of PS-750-M played a crucial role in 
achieving the desired reactivity, and the methodology proved 
applicable across a wide range of substrates, including 
nitrogen-rich heterocycles. HRTEM analysis revealed an 
average NP size of 2.5 nm. 31P NMR analysis of NPs indicated 
the binding of the ligand (cBRIDP) with both Cu and Pd, a 
finding corroborated by XAS analysis. However, no direct 
interaction between Cu and Pd was observed, suggesting that 
the ligand was a bridge between both metals. The catalyst 
exhibited high stability and recyclability, with no significant 
loss of reactivity observed over five cycles (Scheme 30).179

Scheme 31. (A) Synthesis of ligated Pd NPs in HPMC, and (B) Pd NPs 
catalyzed fast Buchwald-Hartwig amination.

In pursuit of efficient C-N bond formations in an aqueous 
medium, the collaboration between the Braje and Handa 
groups unveiled a novel technology enabling the 
instantaneous formation of Pd NPs within the hydrophobic 
pockets of environmentally benign, cost-effective and 
biodegradable cellulose-based polymer hydroxypropyl 
cellulose (HPMC ).130,293 It consists of both hydrophobic and 
hydrophilic regions, serving as a reaction medium for ultrafast 
amination in water. Notably, the hydrophobic pockets of 
HPMC, generated by its alkyl ether side chains and cyclic 
groups, play a crucial role in initiating the formation of metal 
NPs and providing surfaces for their stabilization. Furthermore, 
the high concentration of reactants within these hydrophobic 
pockets accelerates reaction rates. Mixing (cinnamyl)PdCl2 
with t-BuXPhos in 2 wt % aqueous HPMC for 5 minutes at 45 
oC yielded ultrasmall ligated Pd NPs with an average size of 1.5 
nm, as determined by HRTEM analysis. The activity of these 
NPs was assessed in rapid aminations in water, revealing 
unprecedentedly short reaction times under standard 
conditions, along with excellent functional group tolerance 
and high isolated yields. The scalability of this protocol was 
successfully demonstrated on gram-scales (Scheme 31).293

1.6.1. Stabilization of Water-Sensitive Intermediates by 
Aqueous Micelles

One of the major misconceptions surrounding aqueous 
chemistry is the perceived incompatibility of water-sensitive 
intermediates.123,126,130 Traditional chemistry often relies on 
dry organic solvents under strictly anhydrous conditions. 
However, Lipshutz and Handa have demonstrated the 
profound impact of micellar media in stabilizing water-
sensitive intermediates in water.  Organometallic species, such 
as metal carbene, carbanion, and acid chloride, have been 
effectively stabilized through the shielding effect exhibited by 
designer micelles.178,181,182,269,294–296

Handa and coworkers devised a unique protocol to explore the 
reactivity of carbenes in water, involving using Pd NPs ligated 
with triphenylphosphine and shielded by nanomicelles of PS-
750-M.182 This approach enabled metal-carbene migratory 
insertion for the synthesis of terminal olefins. These Pd NPs 
exhibited broad generality in coupling reactions with high 
recyclability. Characterization of the NPs was conducted 
through 31P NMR, HRTEM, and XPS analysis. Dynamic light 
scattering (DLS) experiments revealed that the size of the 
nanomicelles of PS-750-M increased from 200 nm to 520 nm 
upon the addition of NPs to the micellar solution, indicating 
that the NPs remained encapsulated within the micelles and 
were shielded from water molecules. The nanocatalyst 
demonstrated stability for up to 30 days with no significant 
decrease in activity (Scheme 32a).182

Scheme 32. Pd NPs catalyzed; A) metal-carbene migratory insertion for 
the synthesis of terminal olefins (reactivity of carbenes in water) (data 
taken from reference 148), and B) α-arylation of nitriles (carbanion in 
water).
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The shielding effect of nanomicelles was harnessed for the α-
arylation of phenyl acetonitriles with aryl halide through the 
generation of carbanion intermediate.296 Traditional methods 
demand extremely dry reaction conditions, high catalyst 
loading, and the use of toxic organic solvents under reflux 
conditions. The micellar methodology employed pre-
complexed [XPhosPd(crotyl)Cl], which, in the presence of a 
base, instantaneously generated Pd(0) species through 
reductive eliminations of crotyl chloride. This led to the 
aggregation and formation of ultrasmall-ligated Pd NPs. The 
choice of ligand was critical, with the electron-rich XPhos 
ligand enhancing the NP's lipophilicity, thereby facilitating 
more effective interaction with the micellar core and ensuring 
high stability. The NPs were characterized by HRTEM, XPS, and 
31P NMR analysis. The coupling reactions were conducted 
using a 3 mol % Pd catalyst, along with KOH as a base and 3 
wt% aqueous PS-750-M at 45°C, which in situ generated active 
Pd NPs. The substrate scope revealed high functional and 
protecting group tolerance and superior compatibility towards 
heterocycles. A mechanistic investigation involving trapping 
the carbanion species with aldehyde or allyl bromide provided 
evidence for the existence of carbanion-type species in the 
reaction mechanism (Scheme 32b).296 

1.6.2. Ligand-Free Pd Nanocatalysis in Aqueous Medium

Ligands play a crucial role in Pd-catalyzed cross-couplings by 
influencing the highly important oxidative addition or 
reductive elimination steps.297,298 Phosphorus-based ligands 
are the most common class of ligands in Pd catalysis.297,299 
Hence, the concept of ligand-free Pd catalysis primarily 
involves circumventing phosphine ligands for the cross-
couplings. The rationale behind this avoidance lies in their 
toxicity, high cost, and susceptibility to air or moisture.300 
Furthermore, these ligands are non-recyclable, posing 
significant challenges for their removal along with Pd from the 
final product.226 However, achieving phosphine-free Pd 
catalysis is challenging, as the non-ligated Pd species are 
relatively less stable and prone to decomposition into 
catalytically inactive  Pd black under reaction conditions.302,302 
To tackle these issues, various strategies involving the use of 
ppm levels of Pd (with or without ligand) have been 
developed.260,261,265
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Scheme 33. ligand-free ultrasmall Pd(II) NPs for oxidative Mizoroki–
Heck couplings in aqueous micellar medium.

Handa and coworkers devised a novel strategy to impart 
stability to the non-ligated Pd NPs through the designer 
surfactant PS-750-M.169 Ultrasmall Pd(II) NPs were synthesized 

and stabilized in 3 wt% aqueous PS-750-M at 45°C using 
Pd(OAc)2 as a metal precursor.292 The stirring rate proved 
crucial, as stirring at 800 rpm yielded nano-aggregates sized 
50-60 nm, while vigorous stirring at 1500 rpm produced 
ultrasmall NPs of 2 nm size. The surfactant PS-750-M played a 
pivotal role in stabilizing Pd NPs, as confirmed by HRMS and IR 
spectroscopy. IR studies revealed a shift in the carbonyl 
stretches of NPs-bound PS-750-M compared to unbound PS-
750-M, confirming NP binding through the surfactant's tertiary 
amide core. Subsequent HRMS analysis corroborated the 
accurate mass of 1156.582 Da corresponding to the Pd(II) 
bound PS-750-M. The activity of these highly stable Pd(II) NPs 
was evaluated in the oxidative Mizoroki-Heck type couplings in 
aqueous micellar conditions. Optimized conditions included 3 
mol % Pd(II) NPs, benzoquinone as oxidant, and 3 wt % 
aqueous PS-750-M at rt with stirring at 1500 rpm. The 
methodology was applied to a wide range of substrates, 
including perfluoro styrene, acrylates, alkyl styrene, and 
heterocycles. However, the method was not compatible with 
N-heterocycles (Scheme 33).292 

Scheme 34. Ligand-free ultrasmall Pd(0) NPs for, A) biaryl ketone 
synthesis, and B) Suzuki-Miyaura couplings in aqueous micellar 
medium.

Handa and coworkers advanced ligand-free technology to 
synthesize and stabilize Pd(0) NPs from Pd(II) precursors using 
phenylboronic acid as a mild reducing agent under basic 
conditions.178 The process involved base-assisted Pd(II) 
transmetallation by phenyl nucleophile, followed by reductive 
elimination, generating biphenyl and Pd(0) species. Rapid 
nucleation produced Pd(0) NPs, stabilized by PS-750-M. 
Comprehensive characterization using HRTEM, IR, NMR, and 
Surface Enhanced Raman Spectroscopy (SERS) confirmed the 
properties of the NPs. HRTEM analysis revealed ultrasmall 
Pd(0) NPs with an average size of 2.4 nm, while XPS confirmed 
the presence of Pd(0) NPs. IR analysis elucidated the binding of 
Pd NPs with the carbonyls of the amphiphile, showing new 
carbonyl signals in Pd(0) NP-bound PS-750-M compared to 
unbound PS-750-M. 13C NMR analysis exhibited multiple 
downfield signals in the carbonyl region (183 to 180 ppm) in 
PS-750-M-bound Pd NPs compared to unbound PS-750-M. 
SERS further confirmed the binding of Pd NPs through the 
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carbonyl of the surfactant. These highly stable Pd(0) NPs were 
then utilized in cross-couplings of boronic acids with water-
sensitive acid chlorides under mild aqueous conditions. The 
acid chloride's high solubility in the hydrophobic micellar core 
prevented hydrolysis under basic pH conditions, facilitating 
highly efficient cross-couplings. A wide range of acid chlorides, 
including alkyl acid chloride and (hetero)arylboronic acids, 
were compatible under standard reaction conditions. Notably, 
these ligand-free Pd(0) NPs were also effective in Suzuki-
Miyaura cross-couplings under mild aqueous conditions, 
demonstrating broad substrate scope and excellent functional 
group tolerance (Scheme 34).178

A spontaneous synthesis of Pd(0) NPs from Pd2dba3, an air and 
water-sensitive Pd precursor, was successfully 
demonstrated.303 The NPs were synthesized by stirring Pd2db3 
in a micellar solution of 3 wt % PS-750-M under basic 
conditions. Various analytical techniques, including 1H NMR, 
IR, mass spectrometry, HRTEM, and XPS analysis, were 
employed to characterize these NPs. These NPs, stabilized by 
metal-micellar binding, exhibited high activity in cross-
couplings of water-sensitive triazine adducts of carboxylic acid 
with aryl/heteroaryl boronic acids, facilitating the synthesis of 
biaryl ketones with a broad scope and excellent functional 
group tolerance. Additionally, Pd(0) NPs were synthetically 
synthesized by stirring Pd2(dba)3 in an aqueous micellar 
medium under basic pH and hydrogen pressure or by using 
MeMgBr as a reductant instead of hydrogen. However, these 
NPs were less effective than naturally formed NPs when no 
reductant was used (Scheme 35a).303

Scheme 35. A) Ligand-free Pd NPs for biaryl ketone formation in 
aqueous micellar environment; B) Biogenic Pd(0) NPs in ligand-free 
Suzuki-Miyaura couplings.

Horsfall and coworkers have also showcased the synthesis of 
biogenic Pd(0) NPs generated by Desulfovibrio alaskensis G20, 
a sulfate-reducing bacterium, and their application in ligand-
free Suzuki-Miyaura couplings.304 The preparation of these NPs 
(DaPdNPs) involves the anaerobic cultures of D alaskensis G20, 
grown with Na2PdCl4 as Pd salt for 20 h at 30 oC. The NPs were 
then isolated via centrifugation with a 97% isolated yield. X-ray 
diffraction (XRD) analysis confirmed the presence of Pd in a 
zero oxidation state in Pd NPs. The activity of these NPs was 
demonstrated on Suzuki-Miyaura cross-coupling with low Pd 
loading (0.5 mol %) in micelles of TPGS-1000-M, resulting in 
access to C-C coupled products with good-to-excellent yields 
(Scheme 35b). 

1.7. Organic Solvent-Free Couplings in Aqueous Medium
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The primary critique of micellar catalysis lies in the continued 
requirement of organic as an additive or during workup 
processes.137,138 Simply replacing the organic solvent with 
water as a reaction medium while still relying on organic 
solvents for product extraction and purification raises 
sustainability concerns. A study by GSK on amide coupling 
reactions highlighted that approximately 80% of waste 
generation stems from organic solvents, with a significant 
portion attributed to workup and purification solvents, notably 
dichloromethane.305,306 However, recent advancements in 
micellar catalysis methodologies have tackled this issue by 
minimizing or eliminating the need for organic solvents in 
product extractions.307–310 One notable green alternative, 
devised by Handa and coworkers, involves a rapid amide 
coupling reaction within an aqueous micellar environment, 
obviating the need for organic solvents (reaction time: 10 to 
45 minutes).310 A standout feature of this approach is its 
solvent-free process, with the final amide products easily 
precipitating from the micellar medium and separable through 
filtration. By employing the inexpensive and safe coupling 
reagent EDC (3-dimethylamino-propyl)-ethyl-carbodiimide, 
water-soluble urea byproducts are formed, facilitating 
straightforward product separation. This method 
demonstrates broad applicability across numerous amino 
acids, exhibiting excellent functional group and protecting 
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group tolerances, scalability, and extension to bioactive 
molecule synthesis with impressive isolated yields. However, 
another notable advantage is the absence of epimerization in 
the final product, a common drawback in many amide 
couplings. Mechanistic studies unveiled the pivotal role of 
EDC.HCl as an ionic amphiphile that forms mixed micelles with 
the surfactant PS-750-M. These mixed micelles, rich in EDC, 
efficiently activate acids for coupling reactions, thus 
accounting for the accelerated reaction rates (Scheme 36).311  
Nonetheless, this amidation strategy may not always be 
favored, particularly in pharmaceutical industry processes 
where regulatory control points are necessary, as a pyridine 
base is required in this synthetic process.

The organic solvent-free technology was expanded to Cu-
catalyzed cycloaddition reactions. In this approach, the 
shielding effect and hydrophobic pockets of HPMC were 
leveraged to produce highly stable Cu(I) NPs without the need 
for reducing agents or supports.307 Stirring CuI in aqueous 
HPMC at 60 oC for 10 minutes led to the formation of ultrasmall 
Cu(I) NPs of an average size of 3.6 nm, as confirmed with 
HRTEM analysis. XPS analysis further validates the presence of 
Cu in +1 oxidation state. Once generated, these Cu(I) NPs were 
utilized for ultrafast cycloaddition reactions using benzyl 
bromide, alkynes, and NaN3. Upon reaction completion, the 
triazole product precipitated and was easily separated by 
filtration. This methodology demonstrated broad substrate 
compatibility with short reaction times of 10-45 minutes and 
excellent isolated yields. HPLC analysis corroborated the high 
purity of the final products, reaching up to 98% (Scheme 37).307

Scheme 37. Cu(I) NPs stabilized on HPMC for fast and completely 
organic-solvent free cycloadditions in aqueous micellar medium.

1.8. Other Sustainable Organic Transformations in Micellar 
Medium

1.8.1. Selective Monofluorination of Indoles

Fluorine chemistry wields a profound influence on the 
pharmaceutical industry, with fluorine atoms comprising over 
35% of agrochemicals and 25% of pharmaceuticals.312–314 
Remarkably, incorporating a single fluorine unit can 
dramatically alter a molecule's bioactivity.314,315 From a 
pharmaceutical standpoint, mono-fluorinated indoles serve as 
invaluable precursors for the synthesis of drug molecules.315 
However, methods for the direct mono-fluorination of indoles 
primarily generate 3,3-difluoro-2-oxindoles and 3,3-difluoro-

3H-indole as side products, leading to diminished yields and 
cumbersome isolation procedures.317,318 Such processes often 
entail multistep pre-functionalization or necessitate the use of 
costly metal catalysts like Au or Ag, along with toxic organic 
solvents.319–321 
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Scheme 38. Highly selective monofluorination of indoles in aqueous 
micellar medium.

In 2019, Handa and coworkers reported a method for 
monofluorination of indoles, operating under mild micellar 
conditions.322 This approach capitalizes on the protective 
influence of micelles, effectively shielding the indole substrate 
from undesired side reactions such as difluorinations or 
unwanted oxidations. Key to this process is the utilization of N-
fluorobenzenesulfonimide (NFSI) as the electrophilic fluorine 
source within the micelles of PS-750-M. The methodology 
exhibited broad applicability, accommodating a diverse array 
of functional groups including aldehydes, nitro, ester, ether, 
and sulfonyl. It extends its versatility to the monofluorination 
of arenes with exceptional selectivity. Through control 
experiments, a radical mechanism was elucidated and 
subsequently corroborated by trapping the radical 
intermediate using butylated hydroxytoluene (BHT). 
Importantly, this method demonstrates scalability to gram-
scale production, with the added benefit of recyclability of the 
aqueous mixture up to three times, boasting an overall E-
factor of 6.2 (Scheme 38).323

Scheme 39. Aqueous micelles of TPGS-750-M enabled SNAr reactions.

1.8.2. Nucleophilic Aromatic Substitution Reaction

Substitution nucleophilic aromatic (SNAr) reaction stands out 
as one of the pharmaceutical industry’s most valued 
transformations, prized for its atom economy and metal-free 
conditions.323,324 It’s the preferred method for functionalizing 
(hetero)arenes and forging C-C, C-N, C-O, and C-S bonds under 
mild conditions.323 Despite its utility, the SNAr process relies 
heavily on using toxic organic solvents like DMF, DMAc, or 
NMP, resulting in substantial annual waste generation, 
predominantly organic solvents.305 To address this 
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environmental concern, transitioning these reactions to 
aqueous micelles as the reaction medium presents a promising 
avenue. This shift has the potential to curtail significant waste 
production and enhance the cost efficiency of these processes.

In 2015, Lipshutz and coworkers used an approach utilizing 
mild aqueous micellar conditions for SNAr reactions, 
accommodating oxygen, nitrogen, and sulfur nucleophiles.325 
The method employed nanomicelles of TPGS-750-M, enabling 
SNAr reaction across a diverse spectrum of substrates, 
including various heterocycles, while exhibiting remarkable 
tolerance towards functional groups. A comparative analysis 
with DMF as the organic solvent underscored the superiority 
of the micellar medium over conventional organic solvent-
based methodologies. It is important to note that the method 
was not been demonstrated with weak anionic nucleophiles, 
such as sulfinate salts. (Scheme 39).
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Scheme 40. Aqueous micelles of PS-750-M enabled selective 
sulfonylation of polyfluoroarenes.

In 2017, Handa and coworkers reported the sulfonylation of 
perfluoroarenes using sulfinate salts, culminating in 
synthesizing valued (hetero)arylsulfone scaffolds.326 The 
driving force for this transformation was the polar inner core 
of proline-based surfactant PS-750-M, which adeptly 
accommodates the polar sulfone moieties, facilitating their 
effective interaction with perfluoroarenes. Adding acetone as 
a co-solvent ensures solubility, while NaCl acting as a 
supplementary agent, further propels the sulfinate salts into 
the micelles. This micellar technology showcased versatility 
across a broad range of substrates, including heterocyclic 
moieties, delivering products with yields ranging from good to 
excellent. The recycling of the reaction medium was 
demonstrated with E-factor of approximately zero (Scheme 
40). 

Recently, the Braje and Handa group delved into utilizing 
benign HPMC for the SNAr reaction, presenting a scalable, 
versatile, and efficient method for constructing C-N, C-O, and 
C-S bonds.327 Their work revealed remarkable functional group 
tolerance under optimized conditions, yielding high yields in 
short reaction times. Notably, base-sensitive functional 
groups, such as oxetanes, esters, vinyl boronic acids, and alkyl 
boronic esters, were well accommodated under these 
conditions. Additionally, the authors showcased a direct 
application of this methodology in synthesizing bioactive 
molecules. However, it's worth noting that the approach 
wasn't universally applicable for O-nucleophiles (Scheme 41).
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Scheme 41. HPMC enabled nucleophilic aromatic substitution 
reactions in an aqueous medium.

1.9. Emulsion Polymerization

The emulsion polymerization method, a widely utilized 
technique employing a micellar medium, is instrumental in 
producing synthetic latexes and resins by polymerizing 
monomers in water.328–330 These polymeric materials find 
application in diverse fields, such as adhesives, paints and 
coatings, and textiles.328,329 The process starts by emulsifying 
the monomer, typically insoluble in water, into a solution with 
a surfactant. Upon reaching a critical concentration, known as 
the CMC, the surfactant forms micelles that encapsulate the 
monomer within their hydrophobic cores. However, only a 
fraction of the monomer enters the micelle's interior, with the 
majority dispersed as droplets stabilized by surfactant 
molecules on their surfaces. The introduction of a water-
soluble radical initiator triggers polymerization within the 
micellar interior. Micelles serve as a focal point for the organic 
monomer and water-soluble initiator, offering a preferable 
reaction site due to their high monomer concentration and 
surface-to-volume ratio. As the polymerization progresses, 
monomer diffusion from droplets aids in maintaining a 
consistent monomer concentration within the micelles.

Figure 5. Mechanism of emulsion polymerization.

Compared to monomer droplets, micelles serve as favored 
reaction sites due to their elevated monomer concentration 
and superior surface-to-volume ratio.329–331 Moreover, the 
initiators utilized remain insoluble in organic monomers. 
During the polymerization process, monomers diffuse from 
droplets to maintain a consistent concentration within the 
micelles. As the polymerization progresses, monomer droplet 
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size gradually diminishes until complete disappearance (Figure 
5). A significant advantage of surfactant employment is the 
compartmentalization of propagating chains, effectively 
hindering termination steps. Consequently, this leads to 
accelerated polymerization rates and the production of high 
molecular weight polymers.330 Another benefit lies in 
substituting organic solvents with water as a dispersion 
medium, facilitating excellent heat dissipation during 
polymerization.332 However, drawbacks include challenges 
associated with surfactant removal from the polymer and the 
energy-intensive process of water removal from polymers.

2. Future Directions

Sustainability in organic synthesis has emerged as a pivotal 
challenge for the chemistry community, driven by increasing 
global awareness and a concerted effort to reduce waste 
generation.10,38,39,207,333 The past decade has witnessed 
significant strides in integrating green chemistry principles, 
encompassing strategies such as enhancing atom economy, 
devising alternative synthetic routes for feedstocks, promoting 
sustainable biocatalysis, utilizing eco-friendly solvents—
preferably water—designing safer chemicals, and prioritizing 
waste management with a focus on recyclability.10,17,21,23,333,334 
Additionally, the burgeoning field of nanotechnology holds 
promise for revolutionizing synthetic chemistry, mainly 
through utilizing novel NPs catalysis, which can offer enhanced 
efficiency and selectivity compared to traditional 
methodologies.212,266 Leveraging active metals in aqueous 
micellar conditions presents a viable option;321 however, 
challenges such as low reactivity and selectivity, particularly 
with non-precious metals, must be addressed.228 
Advancements towards achieving catalysis at the parts per 
million level using precious metals like Pd in aqueous media 
represent significant strides toward 
sustainability.259,262,264,265,269,335

The integration of organometallic catalysts with designer 
surfactants has yielded promising outcomes in micellar 
catalysis,137,138,185 with further potential seen in extending 
micellar catalysis with nanocatalysis to address environmental 
concerns.169 Notably, the recyclability of catalysts and reaction 
media, alongside the enhanced stability of NPs within the 
micellar core, presents exciting prospects for reducing toxic-
organic waste and unlocking unique reactivities unattainable 
in organic solvents.135,184,267 However, it's imperative to 
consider potential risks associated with metal contamination 
of water in aqueous chemistry, as well as the toxicity of 
designer surfactants.162,336 Careful attention to surfactant 
molecules' biodegradability and toxicity profiles is essential in 
their design. Notably, some of the commercially available 
surfactants, like alkyl benzene sulfonate-based anionic 
surfactants, quaternary ammonium ethoxylated, and alcohol 
ethoxylates, cause harmful effects on aquatic/terrestrial 
ecosystems.162,337 Also, PEG ethers are suspected to impact 
skin toxicity significantly.338 Therefore, while designing a 
surfactant molecule, its biodegradability and toxicity should be 
carefully considered. The Lipshutz group has tackled the 
problem of toxicity caused by PEG ethers by creating a 
surfactant known as Savie,183 which is based on polysarcosine 
and Vitamin E. However, any further modifications to this 

surfactant must maintain its necessary benign properties while 
addressing its toxicity concerns to avoid potential toxicological 
issues. Notably, due to the high solubility profile, toxic 
contaminants or organic pollutants are highly soluble in 
micellar solutions resulting in the need to tackle wastewater 
activities professionally.339 Furthermore, effective 
management of wastewater activities is crucial, with Novartis 
presenting practical strategies tailored to TPGS-750-M, which 
can be adapted for other wastewater systems—various 
approaches, including physiochemical processes, membrane 
filtration, and electrocoagulation, merit assessment for 
wastewater pre-treatment. Addressing sustainability 
challenges in organic synthesis necessitates a comprehensive 
and multi-faceted approach, integrating innovative 
technologies, responsible design practices, and proactive 
waste management strategies.162 

Micellar catalysis, often presented as an organic solvent-free 
technique, isn't entirely devoid of solvents. In fact, the process 
of isolating and purifying products using organic solvents 
generates significantly more waste, ranging from 10 to 30 
times, than the reaction medium itself. Hence, the imperative 
to develop methodologies that eschew organic solvents 
entirely from synthesis is paramount. Within our research 
group, we've identified several technologies where product 
isolation can be achieved solely through filtration, completely 
bypassing the need for organic solvents at any stage of the 
synthesis process.307,310,311 These methodologies represent a 
paradigm shift towards what we term as "truly organic solvent-
free" practices. However, the product filtration approach is not 
applicable to every transformation.

Moreover, the concern regarding solvent use can be mitigated 
by integrating novel techniques to minimize environmental 
footprints. One such avenue lies in advancing benign chiral 
surfactants for stereo-controlled synthesis. Additionally, 
there's burgeoning interest in engineering micelles with 
extended conjugation for applications in photocatalysis, 
presenting exciting prospects for enhancing reaction 
efficiency.

Mechanochemistry stands out as another highly promising and 
sustainable methodology. It harnesses mechanical force, such 
as grinding, milling, and pounding, to drive chemical and 
physicochemical transformations.340-343 Notably, it offers 
distinct advantages, including the capability to circumvent 
solubility issues of reactants and the feasibility of executing 
reactions in a solvent-free environment. 342,343 Nonetheless, 
there remains a significant knowledge gap concerning the 
physiochemical intricacies of mechanochemistry, particularly 
its interplay with thermodynamics and kinetics. Further 
investigations are imperative to elucidate the correlation 
between the applied force magnitude and specific chemical 
transformations, thereby averting uncontrolled side reactions 
or agglomeration phenomena.

Conclusions

Over the past decade, there has been a notable surge in the 
adoption of greener chemical processes. Yet, significant 
challenges persist, particularly regarding the widespread 
integration of sustainable technologies within chemical 
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industries. One promising avenue that has emerged is the 
utilization of chemistry in water facilitated by designer 
surfactants. This approach has demonstrated cost and energy 
efficiency, particularly in synthesizing pharmaceutical 
intermediates. Another noteworthy advancement involves the 
application of organometallic catalysis within nanomicelles, 
showcasing heightened reactivity and exceptional selectivity 
across various cross-coupling reactions. Micellar catalysis 
leveraging heterogeneous NPs has also unlocked novel 
reactivities with superior selectivities. Within this framework, 
the micellar core serves as a stabilizing or capping agent, 
yielding stable and highly active NPs with uniform sizes, 
thereby streamlining the otherwise complex process of 
nanocatalyst synthesis. As this field continues to evolve, it is 
poised to garner broader recognition and adoption within the 
fine chemicals production landscape, heralding a promising 
future for sustainable chemistry practices.
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