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ABSTRACT: Water is considered to be the most sustainable and safest solvent. Micellar
catalysis is a significant contributor to the chemistry in water. It promotes pathways involving
water-sensitive intermediates and transient catalytic species under micelles’ shielding effect
while also replacing costly ligands and dipolar-aprotic solvents. However, there is a lack of
critical information about micellar catalysis. This includes why it works better than traditional
catalysis in organic solvents, why specific rules in micellar catalysis differ from those of
conventional catalysis, and how the limitations of micellar catalysis can be addressed in the
future. This Perspective aims to highlight the current gaps in our understanding of micellar
catalysis and provide an analysis of designer surfactants’ origin and essential components. This
will also provide a fundamental understanding of micellar catalysis, including how aqueous
micelles can simultaneously perform multiple functions such as solvent, ligand, and reaction
promoter.
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■ INTRODUCTION
In 1858, a Swiss botanist, Karl Wilhelm von Nag̈eli, coined the
term “micelle” to describe aggregates formed by starch and
cellulose in water.1 Later, in 1913, McBain used the same term
to refer to soap aggregation in aqueous solutions.2 Hartley
proposed that micelles have a spherical shape that consists of a
hydrophilic exterior and a lipophilic interior.3 In 1986, Bunton
published a study on the effects of micelles on the rate of
organic reaction using the pseudophase ion-exchange model.4

Later on, Bunton, Romsted, and Yao coined the term micellar
catalysis to describe the observed increase in the reaction rate
in the presence of micelles.5 The literature review by Cordes
and Dunlap describes that the Twitchell process marks the
beginning of micellar catalysis.6 Twitchell first reported this
reaction in 1898 as an industrial process for hydrolyzing fats/
oils into fatty acids and glycerol with the aid of alkyl aryl
sulfonic acid, also known as a Twitchell reagent.7 From a
mechanistic point of view, the Twitchell reagent acts as an
emulsifier to catalyze the reaction. Observations indicated that
increasing the temperature and amount of the Twitchell
reagent accelerated the reaction rate. However, this process is
no longer used to manufacture soaps due to certain drawbacks.
Nonetheless, it represents a significant breakthrough in using
micelles in organic reactions.8

Organic reactions can be challenging in water due to the
poor solubility of organic substrates in an aqueous medium. To
overcome this issue, Kobayashi,9−12 Lipshutz,13−18 Uozu-
mi,19,20 Leahy,21,22 our group,21−27 and other researchers28−42

have developed various micellar technologies that use water as

a reaction medium and are potentially sustainable. These
technologies showcased that the micelles are necessary to
solubilize organic substrates in water, and they are broadly
classified as ionic and nonionic, depending upon the charge
present in the hydrophilic region. Earlier studies on micellar
catalysis involve anionic or cationic surfactants,9−12 whereas
recent methodologies mainly use nonionic surfactants for
catalysis in water.43,44 In 1994, Kobayashi and co-workers
developed a method that used trifluoromethanesulfonic acid
ytterbium(III) salt Yb(OTf)3 to aid aldol and Mannich-type
reactions in water.45 Later, in 2000, the group used a Lewis-
acid-type anionic surfactant Sc(O3SOC12H25)3 as a catalyst and
reaction promoter for the aldol reaction, which resulted in
excellent yields.46 In 2002, Kobayashi’s group reported
successful dehydration reactions in water using charged
micelles of dodecyl benzenesulfonic acid (DBSA).47 These
included esterification, etherification, thioetherification, and
dithiol-acetalization. In this report, the authors explained the
mechanism of the esterification reaction between an acid and
an alcohol in an aqueous micellar medium. The findings
revealed that the micelles are small nanochambers formed by
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the self-aggregation of DBSA that charges the micelles with
substrate molecules to enable dehydration reaction in water,
avoiding the need for dehydrating agents. Later, the same
group reported the first enantioselective Mannich-type
reactions in water using ZnF2 ligated with a chiral diamine
ligand as a catalyst and cetyltrimethylammonium bromide
(CTAB) surfactant.48 The use of the cationic surfactant CTAB
facilitated micellar or phase transfer catalysis. Thus, Kobaya-
shi’s seminal work opened the doorways for the successful
implementation of micellar catalysis.
Nonionic surfactants have proven to be versatile for efficient

micellar catalysis. The Lipshutz group has developed many
such surfactants.49 Before 2008, the field of micellar catalysis
for organic synthesis was not well-known because of
misconceptions that many reactions could not be achieved in
water. However, Lipshutz’s significant work, especially over the
last two decades, proved that even water-sensitive chemistry
can be achieved in aqueous micelles.50,51 The group
demonstrated that alkyl zinc and aryl magnesium species
could be created and used in water with the help of the correct
micelles designed by the group. Since then, the Lipshutz group
has conducted research on various cross-couplings and
valuable organic transformations, including Suzuki,52−54

Heck,55,56 Negishi,57,58 Sonogashira59−61 couplings, and
aminations.62−64 Lipshutz is widely regarded as a trailblazer
in the domain of micellar catalysis owing to his significant
contributions to the field.
The Lipshutz group first introduced the vitamin E-derived

nonionic designer surfactant PTS in 2008 for olefin cross-
metathesis in water at room temperature.16 Later, in 2009, the
same group introduced the designer surfactant PQS for ring-
closing metathesis in water at room temperature.65 The group
has also extensively used PTS for Pd- and Ru-catalyzed
reactions in water at room temperature.13 For PTS and other
nonionic surfactant structures, see Figure 1.

In 2011, Lipshutz and co-workers designed a second-
generation amphiphile, named TPGS-750-M. This new
amphiphile was also based on vitamin E and has numerous
advantages over PTS, including a higher reaction rate, better
yield for Pd- and Ru-catalyzed cross-couplings, and a more
straightforward synthesis.66 Among many of the Lipshutz
group’s contributions in this area, the key reports are the
asymmetric gold-catalyzed lactonization,67 amidations,68 or-
ganic solvent-free Suzuki−Miyaura coupling,69 cross-couplings
with iron (Fe)-based nanoparticles containing ppm palladium
(Pd),61,70 biocatalysis in TPGS-750-M,71 and in situ
generation of organometallic reagents.51

Recently, the same group reported another biodegradable
surfactant, called Savie, derived from vitamin E and
polysarcosine, which has been used for homogeneous,
heterogeneous, and biocatalytic transformations, including a
multistep chemoenzymatic sequence to conduct organic
synthesis in water.72 The traditional reagents, such as THF,
Boc anhydride, and sodium hydride, were used in the synthesis
of Savie. THF can be recycled, and sarcosine is a suitable
degradable hydrophilic core.73

■ MICELLAR CATALYSIS: “ON WATER” OR “IN
WATER” CHEMISTRY

In a recent review, Lipshutz, Gallou, and co-workers
thoroughly discussed the topic of “on water” and “in water”
chemistry.15,74 Therefore, we will provide only a general
overview of the subject with respect to micellar catalysis. In
traditional organic reactions, both the organic solvent and
water are involved, which are referred to as “with water”
reactions. On the other hand, if water is used solely as a
reaction medium and there is no solvation of the reaction
components, they are known as “on water” reactions�this
term was coined by Sharpless, who described the hydrophobic
effect on reaction rate acceleration.75 Prior to Sharpless,
Breslow reported the reaction rate acceleration when water was
utilized as a reaction medium in Diels−Alder cycloadditions.76

If the reaction takes place in bulk water, involving the solvation
of reaction components, it is considered an “in water”
reaction.77

Regarding the classification of chemical reactions that occur
in water or at the polar−nonpolar interface, the most
convincing categorization was proposed by Butler and
Coyle.78 If the solubility of the substrates is greater than
0.01 mol/L and the transition state takes place in bulk water, it
is considered to occur “in water.” On the other hand, if the
solubility of the substrates is less than 10−5 mol/L and the
transition state preferentially occurs on the organic side of the
interface, it is called “on water.” For reactants with
intermediate solubilities, both modes of reaction are likely to
occur simultaneously. In “in water” reactions, the hydrophobic
effect and cohesive energy density primarily lead to a tighter
transition state and faster reactions. Based on these
classifications, it is evident that aqueous micellar catalysis is
not an “on water” phenomenon. Is it “in water” catalysis?

Depending on the nature of the reactants and the type of
reaction, micellar catalysis occurs either in the hydrophobic
interior or at the polar−nonpolar interface of the micelle.
Micelles are formed after amphiphile molecules self-aggregate
in water. Water also adds dynamism to micelles and plays a
crucial role in micellar catalysis, regardless of the reaction site.
Even though water is not directly involved in substrate
solubilization and the transition state, its presence determines
micellization that occurs in the bulk. Therefore, micellar
catalysis can be considered an “in water” phenomenon.

■ EFFECTIVE LIGANDS FOR ORGANOMETALLIC
MICELLAR CATALYSIS AND ORIGIN OF PS-750-M
SURFACTANT

Ligands are essential in most metal-catalyzed reactions as they
fine-tune the metal’s electronic and steric properties, enabling
control over reactivity and selectivity in the catalytic cycle.43,79

The ligand also governs the physical properties of the
organometallic catalyst, including its solubility.80,81 The

Figure 1. Representative nonionic amphiphiles.
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catalyst’s solubility in the micellar medium is crucial for the
reaction’s success. An alternative way to achieve this is by using
designer micelles, which can act as a ligand for the metal and a
nanoflask for the reaction to occur in a hydrophobic
environment. Another option is to design a ligand with
improved solubility and binding affinity for micelles, reducing
the need for excess ligands and metal. To ensure better binding
between the micelle and catalyst, it is necessary to have a
ligand that is lipophilic and a strong σ-donor. The right degree
of lipophilicity makes the catalyst soluble in the micellar
interior, whereas the optimal σ-donicity and sterics in the
ligand provide stability and maximum catalytic activity.
Following this rule, Lipshutz and co-workers developed the
HandaPhos ligand for ppm Pd catalysis, enabling the Suzuki−
Miyaura and Sonogashira couplings in aqueous micelles
(Figure 2).80 The same ligand was also effective for ppm Au

(gold) catalysis.82 However, the ligand’s synthetic method-
ology was tedious and resource-inefficient. To overcome this
drawback, EvanPhos83 and N2Phos

84 ligands were also
developed by Lipshutz and co-workers. EvanPhos also
exhibited excellent performance in EtOAc which is an
inexpensive and widely acceptable solvent. Another exciting
technology developed by Lipshutz, Gallou, and Handa involves
the processing of FeCl3 containing ppm levels of Pd as an
impurity to generate stable Fe ppm Pd nanoparticles that are
highly effective in named cross-coupling reactions in water.70

Buchwald’s XPhos and SPhos ligands85 worked well with the
Fe ppm Pd chemistry due to their lipophilic and strong σ-
donor nature. Later, tri-tert-butylphosphine ligand was found
effective for ppm Pd micellar Heck reaction.56 However, the
reaction requires some levels of DMF. The authors did not
completely justify the role of DFM. Nonetheless, reactions for
highly polar substrates for sp2−sp3 couplings and other
valuable transformations often required dipolar-aprotic sol-
vents, which may have led to the design of PS-750-M86

surfactant that acts as a reaction enabler and ligand. Other
research groups33,87−90 have also contributed significantly to
“in water” palladium-catalyzed reactions, which are already

well-covered by recent reviews by Lipshutz,91 Gallou,27 and
Scarso.92

In 2017, we reported an amphiphile PS-750-M that
structurally mimics dipolar-aprotic solvents, such as DMF,
DMAc, and NMP. In the upcoming paragraphs, we will
provide more information about this amphiphile.86 Later,
Lipshutz also reported MC-1, a surfactant to structurally mimic
DMSO, which was effective for peptide synthesis in water at
room temperature.93 However, broader applications of MC-1
are missing from the literature compared to PS-750-M and
TPGS-750-M. PS-750-M has been used for various organic
transformations, with a broad range of polar substrates and
reaction selectivity�we will describe some representative
examples in this Perspective. Due to its unique structural
features, such as the presence of 3° amide and carbonyl groups
in the micellar interior or interface, PS-750-M has enabled
ligand-free Pd catalysis, including the cross-coupling reaction
of water-sensitive acid chlorides and the conversion of
carboxylic acid derivatives to biaryl ketones.

In this Perspective, we will be discussing another vital aspect
of PS-750-M. We will delve into how it stabilizes nano
aggregates of Cu(I) and Cu(III) formed in the presence of
light. Furthermore, this Perspective will provide a detailed
analysis of some of the newer, ecofriendly methods our group
has developed for synthesizing valuable organic compounds
using micellar technology. Micelles behave as a solvent, ligand,
and reaction promoter simultaneously in these methods.

■ DESIGN AND APPLICATIONS OF PS-750-M
Our group has developed a proline-based amphiphile (a
molecule possessing both hydrophilic and hydrophobic
properties) named PS-750-M that enables some key trans-
formations in water. It is made from environmentally friendly
precursors such as L-proline (a nonessential amino acid), lauric
acid (a significant component of coconut oil), and poly-
ethylene glycol monomethyl ether (abbreviated as mPEG).
The amphiphile was designed to mimic DMF, DMAc, and
NMP, toxic but highly useful solvents. The European
Commission has adopted a regulation to restrict the solvent
DMF.94 Therefore, greener alternatives are highly desired. PS-
750-M amphiphile, when dissolved in water at or above 10−6

M concentration, forms nanomicelles, enabling organic
reactions in water in a greener fashion (Figure 3). It is
commercially available at Sigma-Aldrich (catalog numbers
911178 and 911151).

Compared to TPGS-750-M, the published synthetic
protocol for PS-750-M may not be considered sustainable.86

It involved the use of dichloromethane and required
purification of the intermediate of PS-750-M by column
chromatography. Solving the specific problem by creating
another problem is not a real solution to any problem, and it
fits well with the first synthesis procedure of PS-750-M.
Therefore, we have developed a simple and efficient two-step
protocol that eliminates the need for column chromatography
and uses only water and toluene solvents. The recovered
solvents are reused for subsequent scale-up. First, L-proline and
lauroyl chloride are reacted on water to create an amide bond.
Second, the intermediate obtained from the first step is
esterified. The esterification requires only 1.0 equiv of mPEG-
750-M in toluene to produce the desired product in high
yields. This second-generation synthetic process is sustainable,
scalable, and straightforward.

Figure 2. Key ligands effective for parts-per-million-level micellar Pd
catalysis.
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By using Colacot’s π-allyl palladium catalyst with low
loading,95 we have successfully demonstrated the first
application of PS-750-M to catalyze sp2−sp3 couplings of
bromo(hetero)arenes and nitroalkanes under mild reaction
conditions.86 Later, this PS-750-M micellar technology enabled
us to conduct various reactions more sustainably that typically
require harsh reaction conditions, high catalyst loading, or
unsafe solvents. Some examples include selective sulfonylation
of perfluoroarenes,96 fast amide couplings,26,97 selective
monofluorination of indoles and arenes,98 selective Cbz
cleavage,99 Buchwald−Hartwig aminations under heteroge-
neous environment,100 photocatalysis,101 and transformation
involving carbanion.22,24 These reactions are conducted in
water under mild conditions without any pernicious reaction
medium. In this Perspective, we also elaborate on some of the
representative reactions, including Bailey’s synthetic method
for TAK-954, Gallou’s phenomenal broader work on micellar
catalysis in industry, and practical aspects of micellar
catalysis.102

Micelles as a Solvent
Micelles are excellent solvents that provide an appropriate
environment to dissolve water-insoluble or nonpolar sub-
stances in water. A remarkable recent industrial example of
using micelles and aqueous media to produce active
pharmaceutical ingredient (API) TAK-954 was demonstrated
by Bailey and co-workers at Takeda Pharmaceuticals (Scheme
1),102 which led to the ACS Peter J. Dunn for Green Chemistry
and Engineering Impact in Industry Award to the team.103 The
researchers developed a sustainable process to obtain a 5-HT4
receptor/TAK-954 (an API used for treating a postoperative
gastrointestinal disorder) agonist in an aqueous medium. All of
the critical transformations, including benzimidazole cycliza-
tion, amide bond formation, reductive aminations, and
oxidation of alcohol, were performed in aqueous media. This
resulted in a 94% reduction in the use of organic solvents and a
48% reduction in the level of water usage. Moreover, the
overall yield was increased from 35% to 56%. Scheme 1
illustrates both the traditional and Bailey’s synthetic methods
for TAK-954. In Bailey’s method, 2 wt % TPGS-750-M in
water was used to overcome the limited solubility of specific
reaction components in water.

The pH modification also controlled the solubility of
intermediates and the API in aqueous media throughout the
process. This enabled reactions to occur in the solution phase
and allowed product purification and separation by direct
crystallization without using an organic solvent. The overall
process mass intensity (PMI) was decreased from 350 to 79,
reducing the number of components used to generate TAK-
954 by 77% by transitioning from organic solvents to water as
the reaction and isolation medium. During the multistep
synthesis of TAK-954, bisulfite addition compound of
aldehyde was used as a substrate for the reductive amination
step in aqueous micellar media. Bisulfite addition compound as
an aldehyde precursor was preferred over free aldehyde due to
its stability and crystallinity, making purification easy.

The adduct formation involved aqueous TPGS-750-M,
which serves as a surfactant solution. The advantage of using
such a solution is that there is no need for an additional base to
convert the bisulfite adduct to its free aldehyde form before the
reductive amination reaction. The slow release of the aldehyde
from the bisulfite adduct in micelles allows for selective
reductive amination. The standard reaction conditions for
reductive amination are 2 wt % TPGS-750-M, methanol as a
cosolvent, α-picoline borane as a reducing agent, and 60 °C
temperature. Methanol can be replaced by ethanol or isopropyl
alcohol due to its hepatotoxicity.

Nevertheless, this protocol is compatible with (hetero)aryl
and aliphatic aldehydes and substituted amines, as demon-
strated by Lipshutz and co-workers.104 Various drug precursors

Figure 3. Structural components of PS-750-M�an amphiphile that
structurally mimics DMF, DMAc, and NMP.

Scheme 1. Traditional and Bailey’s Synthetic Methods to
Access TAK-954 Agonist
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or drug molecules, including buclizine (antihistamine),
piribedil (an anti-Parkinson agent), and cinacalcet (a
calcium-sensing receptor agonist), can be prepared by using
this methodology. Additionally, it has been shown that this
technique can be used as part of one-pot reactions without
isolating reaction intermediates.
Photoactive Aggregates Derived from Cu and
Amphiphile�ppm-Level Cu(I) Catalysis in Water
105 Cu(I) catalysis is used for various chemical reactions,
including cross-couplings, cycloadditions, and cycliza-
tions.106−109 Cu catalysis at very low loading (ppm levels)
has been rarely reported in the literature.110 Thus, using a
metal−micelle interaction approach, we developed catalytically
highly active nano aggregates of Cu, SS-550-M amphiphile,
and azide. These aggregates are photoactive, and when exposed
to visible light, Cu(II) (Cu = copper) changes to Cu(I) and
Cu(III), as shown by X-ray photoelectron spectroscopy. We
used these highly-efficient aggregates possessing Cu(I) and
Cu(III) for domino alkyne−azide cycloadditions. In this study,
benzylic or alkyl halides reacted in situ with sodium azide to
form the corresponding azide for the subsequent cycloaddition
reaction. In this work, we used a micellar solution of SS-550-M,
which is structurally similar to PS-750-M but has a different
chain length from mPEG (n = 12). CuI was a precursor of
Cu(II), most likely formed by oxidation caused by water
(Figure 4). The initial reaction involved the formation of

CuN3, which was then oxidized by water. The nucleophilic
substitution of CuI by azide is more facile than the same
reaction with CuBr and CuCl. Through density functional
theory (DFT) and nuclear magnetic resonance (NMR)
studies, we have proven that metal−amphiphile binding
helps stabilize metal particles in water. Cu(I) was formed by
the azide-to-Cu charge transfer process initiated upon light
irradiation, enabling catalysis at the ppm level. Notably, these
aggregates were stable in the aqueous micellar solution of SS-
550-M for over a year. The aggregates containing Cu(II) ions
were found to be between 100 and 120 nm in size when
examined with high-resolution transmission electron micros-
copy (HRTEM). On the other hand, dynamic light scattering
(DLS) studies revealed that dynamic micelles exist in a wide
range of sizes, varying from 50 to 500 nm (average = 103 nm).
Among these micelles, the larger aggregates represent Cu-
containing micelles, while the smaller aggregates do not
contain Cu.

The described approach allows the in-situ click reaction on a
broader range of substrates, resulting in good-to-excellent
yields. The representative examples 1−5 are depicted in
Scheme 2. The reaction conditions tolerate functional groups,

such as chloro, bromo, carbonyl, nitro, and nitrile. It is worth
noting that no aldol-type byproducts were observed in the
substrate containing an active methyl group on carbonyls. Free
amino groups and chelating pyridyl residues were also well-
reacted without any detrimental effect on the catalytic activity.
Overall, the method was simple, scalable, and safe. It did not
require harsh conditions or reductants to generate in situ
azides in water, which would otherwise be explosive in a
thermal organic medium.
Stability and Reactivity of Water-Sensitive Intermediates
in Aqueous Micelles
The aqueous micellar solution is a valuable solvent for
reactions that involve unstable reaction intermediates, such
as carbanions, carbenes, and acid chlorides.21−24 The micelles
act as solvents and protect the water-sensitive intermediate or
reactant from water, enabling the desired catalysis. In this
context, α-arylation of nitriles in water, catalyzed by ultrasmall
Pd nanoparticles involving carbanions or ketenimines as
reaction intermediates, was developed (Scheme 3).22 The
technology has been demonstrated with over 35 examples and
one at a 50 g scale.

Current methods for the generation of ultrasmall Pd
nanoparticles are expensive and inconvenient.111 However,
our strategy was to generate ultrasmall nanoparticles by using
micelles in water. It was achieved by heating Colacot’s95

XPhosPd(crotyl)Cl at 45 °C in 3 wt % PS-750-M solution
under mildly basic conditions (K3PO4 or KOH). These
conditions led to the formation of ultrasmall nanoparticles,
presumably via the fast elimination of elements of crotyl
chloride.28 These nanoparticles were uniformly distributed in
the micelles, as indicated by scanning transmission electron
microscopy−high-angle annular dark field imaging (STEM-
HAADF).

As depicted in representative examples 6−13 in Scheme 3,
these ultrasmall nanoparticles were highly active for the α-
arylation of nitriles. The substrate scope was broad, and the
functional group tolerance was excellent. Heteroaromatics,
such as pyridyl (6), thiazole (9), indole (11), triazole (12),
and protecting groups Cbz (7) and benzyl (11) have shown
excellent tolerance. Notably, the chloro functionality did not
participate in the reaction unless the temperature was raised to

Figure 4. Metal−micelle interaction�micelle-stabilized Cu(I) for
ppm-level catalysis.

Scheme 2. ppm-Level Cu(I) and Cu(III) Catalysis Enabled
by Micelles of SS-550-M
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60 °C. As a result, this synthetic route can be a convenient
handle for further functionalization.
These nanoparticles retained their catalytic activity,

morphology, and composition for up to 4 weeks. Full
mechanistic details were provided in the published report.
This protocol enabled multiple complementary reactions in
one pot such as α-arylation, Suzuki coupling, and Buchwald−
Hartwig amination. The products obtained from α-arylation of
nitriles, after one-pot oxidation using molecular oxygen, led to
the formation of medicinally important biaryl ketones used to
synthesize prodrug molecules (such as diphenoxylate).112 The
surfactant played three critical roles: first, stabilization of
ultrasmall Pd nanoparticles via a fast reductive elimination
process in nanoparticle precursor; second, prevention of
reprotonation of carbanion/ketenimine intermediates by
stabilizing them inside micellar hydrophobic cores; last,
elimination of the need for hazardous organic solvents,
typically dry 1,4-dioxane traditionally used for this reaction
shown at the end of Scheme 3.
During the micelle-enabled catalytic carboxylation of

(hetero)aryl halides, a carbanion intermediate was involved
in the process.24 This prevented the decomposition of
trichloromethyl carbanions to carbon monoxide. Additionally,

it facilitated the involvement of carbanion during the
transmetalation and reductive elimination steps that occurred
during the catalytic cycle. (Scheme 4 A). Through this method,

a trichloromethyl carbanion was produced by lithium
hydroxide base from chloroform. The micelles played a crucial
role in stabilizing the carbanion to participate in the catalytic
cycle, resulting in the formation of a benzotrichloride-type
intermediate. This reaction intermediate was then promptly
hydrolyzed to a water-soluble carboxylate anion, clearing the
micelle for the next cycle.

Detailed mechanistic studies, such as kinetic studies in the
presence of trichloromethyl carbanion or carbon monoxide,
H/D exchange via trichloromethyl anion, and mass spectro-
metric analysis of reaction intermediates, supported the
carbanion reaction pathway. The micelle of PS-750-M served
better to stabilize carbanion compared with TPGS-750-M,
TWEEN-20, Pluronic, and PTS-600. Reactions in neat
chloroform, THF, and DMF only provided the desired
product in traces, supporting the idea that the micellar
medium has a significant role in the reaction. Colacot’s
[QPhosPd(crotyl)Cl] was the optimal catalyst for this
transformation.113

This approach was utilized to obtain a variety of (hetero)aryl
carboxylic acids in moderate-to-excellent yields, as shown in

Scheme 3. A Sketch for Generation of Palladium
Nanoparticles, Their Encapsulation by Micelle, and
Applications in sp2−sp3 Couplings

Scheme 4. Catalytic Formation of (Hetero)carboxylic Acids
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examples 14−21 in Scheme 4B. The yield was poor in some
cases due to problems extracting the product from the aqueous
layer. The scope of this approach was simultaneously proven
on 40 substrates, revealing a wide functional and protecting
group tolerance. The synthesis of isotopically enriched
carboxylic acids using 18OH2 and/or 13CHCl3-labeled
precursors was also accomplished using this technology,
which is challenging with traditional methods.114 The
scalability of this process was shown on the carboxylation of
2-acetyl-5-bromothiophene (1 g) under optimum conditions
to yield 63% product 17. This method avoided harsh
reductants and organometallic reagents for carboxylation,
allowing for excellent compatibility between functional and
protecting groups. In future studies, it may help expand the
technology to late-stage functionalization for accessing
complex molecules.
Carbene intermediates participate in reactions predom-

inantly limited to hazardous organic solvents. However, our
research has shown that it is possible to use micellar
technology to create and stabilize carbenes in aqueous
nanomicelles containing Pd nanoparticles.23 This was achieved
by Pd nanoparticles ligated with inexpensive triphenylphos-
phine and carbonyl groups of the PS-750-M amphiphile in
water (Scheme 5A). We used various techniques, such as
NMR, SEM, HRTEM, XPS, and TGA to investigate the
nanocatalysts formed in water in detail. Both the catalyst and
the micellar medium used in the process were recyclable.
However, it is worth noting that dichloromethane was involved
in the synthesis of the nanoparticles, which can be considered a
drawback regarding sustainability.
We demonstrated the catalytic activity of this approach by

converting N-tosyl hydrazone to terminal olefins in aqueous
PS-750-M solution using an in-situ-formed carbene inter-
mediate. The protocol used for catalysis was broadly applicable
to diverse substrates, as shown in the representative examples
22−27 (Scheme 5B). Moreover, the functional groups, such as
bromo, chloro, cyano, ester, ketone, pyridyl, thiophenyl, and
trifluoromethyl, were well-tolerated. The reaction yields were
good-to-excellent. This approach also achieved cyclic olefins,
which are valuable synthons for biaryl compounds.
Micelles as Ligand

In cross-coupling chemistry, the efficiency of a nanocatalyst is
dependent on the morphology of the nanoparticles as well as
the oxidation potential of the metal in the catalyst. These
factors dictate the selectivity and recyclability of the catalyst. In
addition to controlling electronic parameters, the ligand
controls the unwanted oxidation of the metal in the catalyst.
The nature of the ligand or capping agent on the metal
particles affects the process cost. Traditionally, Pd nano-
particle-catalyzed reactions used phosphine or nitrogen-based
ligands.115−117 However, the use of ligands can be avoided if
the amphiphile PS-750-M has a greater tendency to bind to the
metal through carbonyl groups. Nevertheless, carrying out
ligand-free nanocatalysis can be challenging as nanoparticle
agglomerates, which can lead to poor activity. By harnessing
the metal−micelle cooperativity, coupling between water-
sensitive acid chloride and boronic acid in water using
phosphine ligand-free Pd nanoparticles was achieved.21 The
synthesis of these nanoparticles required PS-750-M, water, a
carbonated base, and arylboronic acid (Scheme 6). No harsh
reductants, such as MeMgBr, LAH, and NaBH4, were needed
to generate Pd(0) nanoparticles, making this the first report on

such a mild synthetic protocol with precise control over the
nanoparticle morphology and size. The average size of the
nanoparticle was approximately 2.4 nm. Metal−micelle binding
was probed with various spectroscopic methods, including 13C
NMR, SERS, and IR spectroscopic techniques.

These ligand-free Pd nanoparticles were highly efficient for
the coupling of acid chlorides with (hetero)arylboronic acids,
generating functionalized ketones (Scheme 6A). The technol-
ogy’s scope was evaluated on many substrates with excellent
functional group tolerance, as shown in representative
examples 28−30. However, pyridyl-containing substrates
were found to disturb the reaction due to the obstruction of
metal−amphiphile binding, leading to the competitive
formation of Pd−pyridine bonds. Acid chlorides are sensitive
to water and can be readily hydrolyzed in water. To avoid this,
the acid chloride was added last after other reaction
components, so that the micelles were charged with the
essential reaction components before adding the acid chloride.
The more giant and charged micelles could easily accom-
modate and shield acid chloride for the desired coupling
reaction. In addition to acid chloride couplings, the nano-
particles were also effective for traditional Suzuki−Miyaura

Scheme 5. Carbene in Micelle�An Access to Terminal
Olefins
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coupling, as shown in representative examples 31−33 (Scheme
6B).
We also synthesized aggregates composed of Pd(II) using a

metal-micelle binding strategy (Scheme 7A). As shown in
Scheme 7B (representative examples 34−39), these aggregates
were highly effective for oxidative Heck chemistry. It
eliminated the need for traditional ligands.118 We discovered
that slow stirring leads to slow reaction rates, whereas fast
stirring helps the larger Pd aggregates break down into
ultrasmall active particles, and thus, leads to relatively fast
reaction rates. The formation of large aggregates from
ultrasmall nanoparticles is reversible, and thus, effective stirring
>1000 rpm is essential for optimal catalytic activity.
The reaction occurs at the micellar interior/interface, as

confirmed by a three-phase experiment where REM resin
(acryloyl Wang’s resin) bound styrene, phenylboronic acid,
and Pd nanoparticles were taken in an aqueous PS-750-M
solution. We observed no catalytic activity due to the poor
penetration of REM-bound styrene inside the micelle. This
study shows that the reaction occurs inside the micelles or at
the interface and not outside of it.
In a separate report, we found that the micelles of PS-750-M

played a key role in the spontaneous formation of Pd(0)
nanoparticles from Pd2dba3.

119 The formation of these
nanoparticles is even more rapid in the presence of molecular
hydrogen. These nanoparticles were stabilized in water due to
metal−amphiphile (ligand) binding. XPS analysis confirmed

the presence of Pd in a zero-oxidation state. The MALDI-TOF
analysis of the nanoparticles revealed the presence of Pd-
bound PS-750-M mass peaks at 1122 amu. However, the
absence of a dba mass peak indicated that the carbonyl groups
of the ester and amide functional moieties of surfactant
molecules strongly bind to the Pd. The shielding effect of
micelles on Pd nanoparticles facilitates the fast cross-coupling
of moisture-sensitive triazine adducts of carboxylic acids to
form biaryl ketones. The representative examples 40−47 are
shown in Scheme 8.

Ligand-free Ni(0) is difficult to obtain in water without an
electron-rich solid support. To stabilize Ni(0) in water and
create bimetallic nanoparticles of Ni(0)Pd(0) (containing only
0.1 mol % Pd), we used metal−metal and metal−micelle
binding approaches (Scheme 9A).120 These nanoparticles were
ideal for highly selective 1,4-reduction of Michael acceptors
with other functional groups, such as nitro, Cbz, benzyl, chloro,
and esters, while susceptible groups, such as sulfonate ester or
silyl ether, remained intact. The representative examples 48−
52 are shown in Scheme 9B. This technology was highly useful
since no nitrile/ester hydrolysis has been observed in aqueous
conditions.

Optical microscopy showed the formation of aggregates with
an average diameter of 2.4 μm, consisting of bimetallic
nanoparticles. The average diameter of 2.64 nm of nano-
particles Ni/Pd (Ni = nickel) was calculated from HRTEM
analysis. While Ni(0) tends to activate the carbonyl group and
form a Ni-bound substrate, oxidative addition of hydrogen
takes place over Pd(0) particles, leading to selective 1,4-
reduction of enones. Since the amount of Pd was less, multiple

Scheme 6. Ligand-Free Pd Nanoparticles for Cross-
Couplings

Scheme 7. Aggregates of Pd(II) for Ligand-Free Oxidative
Heck Reaction
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Ni(0) atoms were expected to surround the Pd atom in the
particle.
Raman and surface-enhanced Raman scattering (SERS)

spectroscopic techniques have shown evidence of metal−
amphiphile binding. The shift of peaks 1624 and 1773 cm−1 of

amide carbonyl vibrational mode and ester carbonyl vibrational
mode of neat PS-750-M to 1611 and 1757 cm−1, respectively,
for nanoparticle-bound PS-750-M evidenced the ligation of
metal nanoparticles with micelles.
Micelles as Reaction Promotors

Water has excellent potential as a solvent for both chemo- and
biocatalysis.44,121 Micelles can help promote this potential.
Despite demonstrating the usefulness of chemo- and
biocatalysts in one-pot processes, two significant challenges
have recently been addressed.44,71,122 First, enhancing the mass
transfer of hydrophobic substrates to the micelle has improved
the process efficiency. Second, combining chemo- and
biocatalytic techniques has addressed incompatibilities be-
tween these catalytic systems. This approach enabled the
subsequent sequence to use the product from the previous step
without isolation, providing an opportunity to develop
chemoenzymatic catalysis. The sequential addition of reagents
and catalysts in a micellar medium was crucial to the reaction’s
success.

In a study by Lipshutz, Gallou, and co-workers, the authors
described the compatibility of aqueous TPGS-750-M with
alcohol dehydrogenase in the presence of an organometallic
catalyst.71 Pd-catalyzed Sonogashira and Heck and Rh-
catalyzed Michael reactions were conducted in aqueous
micelles of TPGS-750-M, and then enzymatic enantioselective
reductions of ketones was achieved by adjusting the medium’s
pH using a buffer without isolating the reaction products. The
challenge is to perform tandem chemoenzymatic micellar
catalysis. The question is whether micelles can be designed to
accommodate enzymes within their hydrophobic pockets and
allow the substrates to move in and out of the micelles more
quickly. At the same time, a heterogeneous organometallic
catalyst should work on water or at the polar−nonpolar
micellar interface to prevent possible enzyme poisoning. If
successful, then this approach can help achieve multi-
component tandem chemoenzymatic transformations.

The authors achieved multiple transformations in a single
process, as described in Scheme 10. These transformations
included Sonogashira coupling followed by asymmetric
reduction of the keto group, Heck coupling followed by
similar keto reductions, and Au-catalyzed alkyne hydration
followed by enzyme-catalyzed enantioselective reduction of
keto to alcohol. The resulting products, 53−61, serve as
representative examples of these reactions. In the same report,
the authors employed this strategy for the 1,4-addition to
enones and asymmetric reduction.

Lipshutz and co-workers have also reported the asymmetric
reduction of alkene using ene-reductases (EREDs) in 2 wt %
TPGS-750-M in water.123 In their study, they achieved a one-
pot reduction through ERED, followed by amine formation
using transaminase. In the same report, they also described
three one-pot reactions that involved ERED reduction, Pd/C
nitro reduction, and acylation reactions. The same group also
documented lipase-catalyzed esterification in a micellar
medium.124 The authors used Palatase 20000 L for the
reaction in the absence of a cofactor at 30 °C in an aqueous
medium of 2 wt % TPGS-750-M. This technology enabled
one-pot multistep reactions in water, such as Sonogashira
cross-coupling, esterification catalyzed by an enzyme, and
ADH reduction.

Notably, prior to Lipshutz, a similar approach was already
adopted in organic solvents by Bac̈kvall and co-workers, where

Scheme 8. Spontaneous Formation of Pd(0) from Pd2dba3
in Aqueous PS-750-M�The Catalytic Cross-Couplings of
Carboxylic Acid Derivatives

Scheme 9. Ligand-Free Bimetallic Nanoparticles of
Ni(0)Pd(0) for Highly Selective 1,4-Reduction of Enones
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the authors utilized a biphasic approach to separate enzymes
from organometallic catalysts.125 This led to successful
chemoenzymatic catalysis, allowing for enantioselective
acylation of amines via dynamic-kinetic resolution.
The micelles also act as reaction promoters in fast amide

couplings. Our research group has reported that micelles can
facilitate fast amide coupling in water.26,97 The process was
achieved through mixed micelles of EDC•HCl and PS-750-M,
without requiring HOBt to prevent product epimerization. The
PS-750-M has a proline linker with a 3° amide group that helps
to maintain optimal polarity inside the micelles, making fast
amide couplings possible. Under the reaction conditions, the
product precipitates, which can be isolated through filtration
without the use of organic solvents. The representative
examples 62−69 are shown in Scheme 11. It is worth noting
that in aqueous basic conditions, Fmoc cleavage did not take
place. The reaction was selective to only amine nucleophiles,
and the hydroxy group in the coupling partner remained
unreactive. However, this technology has a downside: it
requires a pyridine base. This base is necessary for product
precipitation and to retain the amphiphilic nature of
EDC•HCl.
Theoretical models corroborated that micelles or surfactants

are great reaction promoters, allow the solubility of hydro-
phobic substrates, and increase their concentration in the
micelles. Molecular dynamics (MD) simulations coupled with

Umbrella Sampling or the CosmoMK analysis have provided
more insights into the anisotropic environment of the
micelle.126 MD simulations are used to explore the partition
between aqueous and micellar environments. The free energy
profile estimates the solute’s proximity to the micelles. These
simulation techniques were generally used to study the lipid
bilayer partition. Recently, these techniques have been applied
to micellar catalysis.127,128 MD simulations on the Suzuki−
Miyaura reaction between phenylboronic acid and methyl-4-
bromo phenylacetate in the presence of Kolliphor-EL
surfactant supported that molecular species involved in the
reaction are concentrated in the micelles acting like nano-
reactors.127 Due to the high concentration of substrates in the
confined environment of micelles, they act as phenomenal
reaction promoters.

The scope of computational chemistry has been extended to
calculate the local environment of the micelles by Kozlowski
and our group.105 Instead of considering a whole micellar
structure, a fragment of micelle was optimized with its
components present around. Specifically, the local environ-
ment of photochemically active Cu-containing nanomicelles
was estimated by the DFT method, where the spin-restricted
wave function was obtained by using the hybrid B3LYP/def-
T2VP level of theory, which clearly revealed the binding
between Cu and PS-750-M surfactant through carbonyl
groups, which was in agreement with XAS analysis. Such
binding was crucial for single-electron transfer to promote
catalysis.

Scheme 10. One-Pot Chemoenzymatic Catalysis Enabled by
Aqueous Micelles of TPGS-750-M

Scheme 11. Fast Amide Couplings Promoted by Micelles of
PS-750-M�No Extraction and Column Chromatography
Needed
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Practical Aspects of Micellar Catalysis
Regarding micellar catalysis, there are some crucial factors to
consider for achieving repeatability and practicality.129 These
include the preparation of surfactant solution, the order of
addition, the temperature limit, the stirring rate, the particle
size of solid reagents, careful selection of solvent (if product
extraction is required), and the particle size of the empty
micelle.
The preparation of a surfactant solution is easy. Generally, a

2−3 wt % aqueous solution is optimal for micellar catalysis.
For consistency, deionized water should be used in the
preparation of the surfactant solution. Most surfactants are
instantaneously soluble in water and do not require overnight
stirring. However, TPGS-750-M is not instantaneously soluble
in water and requires several hours of stirring to obtain a clear
aqueous solution. Surfactants containing an optimal mPEG
chain length are always clear and transparent in their solution
form. If the solution is turbid, it indicates the presence of a free
hydrophobic fragment of the surfactant that is suspended in
the form of an impurity. Such aqueous solutions generally give
inferior activity. To avoid foaming while preparing an aqueous
surfactant solution, add the surfactant to the container first,
followed by a slow addition of water before stirring the
mixture. Shaking the container should be avoided.
When catalytic reactions are performed in micellar media, it

is essential to pay close attention to the order of addition. If
possible, adding the base last is recommended. Portionwise
addition of the water-sensitive reagent may be performed for
better results. Also, portionwise addition is recommended
when dealing with pyridyl (MIDA) boronoate esters, as the
release of pyridyl boronic acid is faster than the desired
catalytic reaction, which can otherwise lead to significant
hydrodeborylation.69 When a very low amount of catalyst is
used, i.e., 500−1000 ppm, it should be added first. The catalyst
can be added in solution form with a minimal cosolvent to
ensure its uniform distribution in micelles. After the catalyst
was added, the mixture should be stirred at room temperature
for approximately 5 min before adding other reaction
components. This will allow the catalyst to distribute evenly
in the micelles.
Micellar technology can achieve transformations at ambient

temperatures that otherwise require elevated temperatures in
organic solvents. Based on our internal unpublished data,
micellar catalysis has an upper-temperature limit of 65 °C. At
higher temperatures, reactants are exchanged between different
micelles more frequently, allowing less time for reactants to
interact with the catalyst inside the micelles, especially when
catalysis is designed to have more lipophilicity to stay within
the micelle. In situations where elevated temperature is
necessary, a higher weight percent of surfactant is desirable;
otherwise, it may deteriorate micellization. Caution must be
taken when heating the mixture to temperatures beyond 80 °C.
At higher temperatures, impurities tend to form more easily. It
is important not to overheat the mixture in anticipation of a
higher reaction rate. Overheating must be avoided if the
reaction proceeds smoothly under room temperature or mild
heating. In addition, uniform and effective stirring is required
from the beginning until product extraction or filtration.
Efficiency in micellar catalysis can be affected by the physical

nature of reactants. If the reactants are highly crystalline, they
may have difficulty getting into the micelle, which can lead to
poor catalytic efficiency. To avoid this issue, the crystalline
material can be ground into a powder, or 5−10% cosolvent

(THF, toluene, or acetone) can be added.67,130,131 Adding a
cosolvent can increase reactant solubility and expand the
micelles. However, it is important to note that cosolvent
should only be used if the reaction does not proceed smoothly
without it. It is preferable to use an appropriate amphiphile to
address solubility issues. Additionally, using a cosolvent can
solubilize the desired product, which may have otherwise
crystallized in the reaction mixture and just required isolation
by a simple filtration.

During a reaction, mild heating can cause the evaporation of
volatile components (if used), leading to a poor reaction yield.
To prevent this, it is recommended to use pentane or ether as a
cosolvent. These volatile cosolvents form a layer of vapors
above the reaction mixture, increasing the pressure and
preventing the vaporization of the volatile reaction partners.
If the volatile compound has a boiling point above acetone’s
boiling point, then acetone is preferred as a cosolvent. It is
important to note that the cosolvent should have a boiling
point of at least 5 °C higher than the volatile reactant.

To track the progress of the reaction, a sample must be
taken out while stirring the reaction mixture. The sample is
then diluted with water and EtOAc to break the micelles and
allow the product and starting material to dissolve in the
organic solvent for accurate analysis. After the reaction is
complete, if the product appears as a solid, it can be filtered
using a frit and washed with water to remove any remaining
surfactant. Based on the solubility of the product in the
surfactant or the type and amount of cosolvent used, the
product crystallizes in the surfactant solution or otherwise
requires extraction with an appropriate organic solvent. If the
product is not crystallized, EtOAc equal to the amount of
surfactant solution should be added. The mixture should be
stirred for a few minutes before being centrifuged. The organic
layer is then separated, which extracts the product in the
organic phase. If the residual product is still in the surfactant
solution, it must be diluted with water and extracted again
using a minimum amount of organic solvent (EtOAc or i-
PrOAc or MTBE preferred).

When working with a magnetic stir bar in micellar catalysis,
it is common for a solid product to form a ball and stick to it.
In such cases, using a small amount of cosolvent (acetone) can
help resolve this issue. It is important to avoid using a high
catalyst loading as it can lead to the formation of more
impurities. Extraction of the product with dichloromethane
should also be avoided since it dissolves designer surfactants
(TPGS-750-M, PS-750-M, Nok, Savie, etc.) in the organic
layer. If the product is not soluble in ethyl acetate, then simply
filtering it out can be effective. Additionally, before using the
surfactant, it is best to degas it while gently heating the
aqueous solution. This process yields better results for Pd
catalysis.

■ BROADER IMPLEMENTATION OF MICELLAR
CATALYSIS

Gallou, an industrial leader in micellar catalysis from Novartis
Pharmaceuticals, was the first to implement and telescope
micellar catalysis and biocatalysis in the micellar medium in
API synthesis.132,133 The authors have made significant
contributions to the field of micellar catalysis, including both
fundamental and applied work. Gallou’s seminal work
demonstrated that implementing micellar catalysis reduces
the PMI, increases the overall yield, and thus lowers the cost of
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API synthesis. The author’s team has also developed strategies
to address the wastewater generated from TPGS-750-M.134

Gallou and co-workers carried out a multistep synthesis of
an API at a multikilogram scale using aqueous micellar
technology, as described in Scheme 12.132 The synthetic
strategy began with a nucleophilic aromatic substitution
reaction, followed by a Suzuki−Miyaura coupling, ester
hydrolysis, and amide coupling, ultimately leading to the
final API after treating the prefinal compound with HCl. It is
worth noting that due to intellectual property matters, the
structure of the API and the reaction intermediates were not
disclosed.
To begin the process, the SNAr reaction formed a C−N

bond between the trisubstituted heteroaromatic ester and the
nucleophilic amine bearing an unprotected hydroxy group.
Only a 1:1 stoichiometry of coupling partners was used to
ensure selectivity and avoid waste-generating protecting group
chemistry. The transformation was primarily selective, leaving
the hydroxy group unreacted. Next, the resulting product
underwent Suzuki−Miyaura couplings with the boronic ester
to obtain the desired biaryl adduct containing the methyl ester
group. The ester was hydrolyzed in situ to obtain the free
carboxylic acid, which was further subjected to amide coupling
in the next step.
To determine the advantages of chemistry in water, a

detailed comparative study between synthesis in water versus
organic solvents was conducted by the authors. The SNAr
reaction was carried out in i-PrOH/toluene organic solvent,
which resulted in an 87% yield of the desired product. The
reaction required a temperature of 60 °C. However, some
minor O-arylated byproducts were also formed in this reaction,
which had to be removed by recrystallization. On the other
hand, the same reaction in aqueous micelles of TPGS-750-M
provided the desired product with a 75% isolated yield and
required a much lower temperature, i.e., room temperature.
Additionally, the reaction in the micellar medium required only
a 1:1 stoichiometry of the nucleophile and electrophile, while
the i-PrOH/toluene conditions demanded a 1:1.2 stoichiom-
etry. This indicates the improved atom economy with the

chemistry in water. After rigorous optimization, the overall
yield in the micellar medium was further improved to the lower
90s.

The Suzuki−Miyaura couplings of the N-arylated hetero-
cyclic compound with the boronate ester proceeded smoothly
under aqueous micellar conditions with an improved reaction
stoichiometry (1:1.2) and lower Pd catalyst loading at a
temperature of 40 °C. This crude product was then hydrolyzed
in situ to obtain carboxylic acid. In contrast, the same reaction
in organic solvent (t-AmOH) required a temperature of 85 °C
and a higher catalyst loading. In this case, the two-step Suzuki
coupling and ester hydrolysis yield was only 70%, which was
significantly lower than that of the reaction in water. Due to
the presence of the unprotected hydroxy group in the
molecule, the next amide-bond-forming reaction was the
most challenging under organic solvent conditions. As a result,
significant amounts of ester byproduct were formed, leading to
a reduced yield compared to that of the reaction in aqueous
micelles (76% versus 80%). Besides, additional solvents were
consumed in product purification under organic solvent
conditions. It is worth noting that the overall yield of this
API was significantly higher under micellar conditions (48%)
compared to that under traditional organic solvent conditions
(42.5%). The PMI that measures the environmental perform-
ance was also much reduced to 161 under micellar conditions.
Prior to the development of more efficient processes that use
significantly less palladium, this research was conducted. This
has implications not just for reducing initial costs, but also for
downstream expenses like the removal of any remaining
palladium. The findings were published in 2016, and we are
currently in 2024 with significant advancements made in
micellar technology since then.

■ CONCLUSION AND OUTLOOK
Micellar catalysis offers many opportunities and also some
challenges.135 In general, this alternative approach to synthesis
has played an important role in reducing the consumption of
organic solvents in numerous valuable transformations. Some
of the critical highlights of micellar catalysis include ligand-free

Scheme 12. First Implementation of Micellar Catalysis in Active Pharmaceutical Ingredient (API) Synthesis
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and parts-per-million-level organometallic catalysis, in situ
formation of valuable organometallic reagents and their
subsequent utilization in cross-coupling reactions, extra
stabilization of water-sensitive species by the shielding effect
of micelle, one-pot sequence reactions based on no
intermediates’ isolation, often product isolation by simple
filtration, and chemo- and biocatalysis in one pot. The
outstanding work on the mechanistic understanding of micellar
catalysis by Blum and co-workers has the potential to address
some of the unanswered questions and open new pathways to
micellar chemistry for its broader adoption.136,137

Despite these advances, many questions still need to be
addressed to establish the foundation of this new regime.
These questions mainly focus on the fundamental under-
standing of the interaction between the catalyst, micelle,
substrate, and substrate−micelle−catalyst. Although NMR,
mass spectrometry, and FLIM techniques are used to address
some of these questions, many related questions remain
unanswered, especially under conditions matching actual
reaction conditions. This understanding is crucial in designing
new reactivities and selecting appropriate surfactant solutions
for the desired reaction. Rigorous experimental and theoretical
investigations are required in this direction to address these
challenges.
To advance the sustainability features of micellar catalysis,

the micelle design should allow for the synthesis of
amphiphiles in or on water or direct isolation from renewable
natural resources without using organic solvents. While
telescoping the potential of micellar technologies, one can
reasonably find that strategies for properly disposing or
recycling the leftover water from micellar catalysis are still
missing. Our group is actively searching for new techniques to
clean up water waste without consuming too much energy.
Membrane filtration can be employed in this regard.
The carbon footprint of surfactants is not zero, as

emphasized by Fleck, Roschangar, and Haydl.138 Therefore,
new surfactants with much lower carbon footprints are needed.
These surfactants should be designed to be environmentally
friendly, biodegradable (but resource-efficient), made from
natural or semisynthetic materials, and affordable. These
surfactants should also promote the evolution of green
chemistry.
Similar to the other state-of-the-art surfactants, the

surfactant PS-750-M, developed by the author’s lab, has a lot
of potential due to its proline moiety. It is a chiral and tunable
surfactant. The carbon α to the ester linkage in PS-750-M can
be further substituted to enhance or fine-tune the chirality in
the surfactant. The author’s lab has disclosed that proline
carbonyls bind with Pd or Cu, causing the formation of active
catalytic species.105,118 These interactions cause metal-micelle
binding, leading to the desired selective catalysis. The author’s
lab has also developed PS-750-M-like surfactants with
pronounced chirality, which will be employed in asymmetric
catalysis, and findings will be disclosed in due course. Despite
the versatility of PS-750-M, there is still no information
available regarding the biodegradation of PS-750-M. Addition-
ally, no literature is available on wastewater treatment of an
aqueous layer containing PS-750-M or its fragments.
The field of organic chemistry is increasingly embracing

sustainable practices. Micellar catalysis, in particular, is gaining
popularity for enabling a variety of reactions in water.
However, it is imperative to address the issues that have
been overlooked in micellar catalysis and develop strategies for

the effective use of water, which is essential for future
generations.
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