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Abstract

In the field of green chemistry, micellar catalysis plays a central
role for organic solvent replacement. Micelles ensure the sol-
ubilization or dispersion of catalyst and organic substrates in
water imparting unique features in terms of chemo-, regio- and
stereoselectivity. For metal-catalyzed reactions, a more robust
approach for catalyst recycling consists in the synthesis of so-
called metallosurfactants, in which a hydrophilic metal—
containing headgroup is endowed with a hydrophobic ponytail,
leading in water to the formation of metallomicelles. This fast-
growing field of research is critically reviewed in this contribu-
tion, describing new trends and classifying the literature since
2017 based on the nature of the newly formed bond. Particular
emphasis is reported on the specific features of metal-
losurfactants in terms of activities, selectivities and recyclability
of the self-assembling catalysts.
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Introduction

Catalysis in cells has evolved developing enzymes as
astonishing examples of organic molecular structures
deputed to recognition, stabilization of transition states
and reaction intermediates. Such natural catalysts
enable the lowering of the activation energy for many
kinds of chemical transformations by several orders of
magnitude, with respect to the uncatalyzed reaction. For
specific transformations, Nature takes advantage of the
combination of the peptidic structure, with specific
amino acid side chains, present in the active site with
the peculiar chemical activation provided by transition

metal centers. In particular, the Lewis acid properties
and the variable oxidation states of the metal centers are
exploited in these metalloenzymes. Frequently the
cooperation of more than one metal center is crucial to
ensure high-rate acceleration or specific oxidation pro-
cesses, for instance, in nucleases for the hydrolysis of
DNA strands and in laccase for the oxidation of lignin
biomaterials. The inspiring lesson from Nature about
metalloenzymes prompted the field of homogeneous
transition metal catalysis in water.

Micellar catalysis is one of the most straightforward
methods to put into practice the fifth principle of Green
Chemistry related to complete solvent removal or use of
innocuous solvents. Apart from some specific advantages
of “in water” and “on water” reactions [1], a great im-
pulse to transition metal catalysis in water has been
provided by the use of surfactants that, driven by the
hydrophobic effect, spontaneously provide micelles and
other aggregates [2,3] that ensure good contact between
metal catalysts and organic substrates. The micellar
aggregates operate as nanoreactors, leading frequently to
enhanced rate accelerations with respect to the reaction
in organic media. Moreover, the anisotropic features of
the micelles give rise to unique solvation properties
[4,5] that ensure specific product chemo-, regio- and
stereoselectivity [6], as well as substrate selectivity [7],
making micellar catalysis somehow reminiscent of many
features typical of enzymatic catalysis.

Even being known since 70’s, thanks to the growing
awareness about sustainability and Green Chemistry
issues in organic chemical transformations, micellar
catalysis is nowadays a true alternative for the replace-
ment of organic solvents. Recent review articles
[5,8—13] underlined the potentiality of the use of
micellar media in catalysis, reporting examples for almost
every kind of chemical transformation, as well as specific
applications, for instance in organic semiconductor syn-
thesis [14]. In particular, the advent of designer surfac-
tants [15] like the commercially available TPGS-750-
M [16], Nok [17] and PS-750-M [18] as specific com-
pounds designed for transition metal catalysis in water,
has brought the field to large scale application in the
pharma industry [19]. Moreover, the field of micellar
catalysis is evolving joining together metal catalysis and
enzymatic catalysis in water [20,21], since micelle
confinement of the metal catalyst enables the
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minimization of enzymatic inhibition and denaturation.
One of the many advantages of micellar catalysis consists
in the possible catalyst recycling, which is a critical point
in traditional homogeneous catalysis. Under micellar
catalysis conditions, the metal catalyst, if in a cationic
form, interacts via ion pairing with anionic surfactants
residing as counter-ions on the surface of the micelles
(Figure 1a) [22], also for stereoselective reactions [22],
thus remaining confined in the aqueous phase even
when products are removed by organic solvent extrac-
tion. Even the opposite approach is possible when the
catalytic metal center is an anion and the surfactant
contains an ammonium positive charge, like recently

Figure 1

reported for the cross-dehydrogenative coupling be-
tween alkynes and tertiary anilines [23]. In other sys-
tems, metal catalysts endowed with hydrophobic ligands
can be confined in the micellar core (Figure 1b) and
proper selection of the organic solvent for product
isolation can ensure the recycling of the metal catalyst.
Other examples are characterized by metal nanoparticles
directly stabilized by micellar aggregates (Figure 1¢) [24]
and because of their strong interaction with the surfac-
tant, frequently with the neutral polyethylene glycol side
chain, they can be recycled after product extraction with
organic solvents. In many other cases, in particular with
designer surfactants, only the micellar medium is truly
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Schematic representation illustrating different examples of interaction between the metal center and the surfactant forming the micellar aggregates: a)
cationic metal catalysts interact by ion-pairing on the surface of anionic micelles; b) metal catalysts bearing hydrophobic ligands (represented by the spiky
corona) interact with the apolar core of the micelles not being extracted by organic solvents for product isolation; ¢) catalytically active metal nanoparticles
(M-NP) are stabilized and bound to the PEG portion of neutral surfactants favoring the recycling: d) metallosurfactants (Metal in the headgroup) ensure
complete metal recovery and recycling after the catalytic reaction. R = reagents; P = products. Hydrophobic side chains are reported as fully extended for

simplicity, but need to be intended flexible.
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recyclable, and the metal catalyst needs to be re-
introduced at every cycle (Figure 1d) [16]. To over-
come this limitation, metallosurfactants have been
introduced many years ago, in which the polar headgroup
of the surfactant is based on coordinating units that
tightly bind the catalytically active metal center, while
the presence of a hydrophobic ponytail ensures the ag-
gregation of the units into metallomicelles. Among the
many advantages of the approach, a key feature consists
in the fact that metallomicelles reside in the aqueous
phase during product recovery by extraction with organic
solvents. One drawback of this approach is related to the
longer and more complicated synthesis of the amphi-
philic ligand that coordinates the metal center. Because
of this, metallomicellar catalysis is specifically useful for
the efficient recycling of precious transition metal cata-
lysts or to ensure the avoidance of metal trace in the final
products. Similarly, for stereoselective reaction, the cost
of the chiral enantiopure ligand could be frequently
comparable to that of the metal center, therefore also in
this case the development of chiral metallosurfactants
could be a viable approach for efficient chiral ligand, as
well as metal, recycling.

Over the years the development of metallosurfactants
emerged for many new applications [25], for instance for
the hierarchical assemblies of coordination supra-
molecules [26] and metal-organic frameworks [27], for
the development of chelating surfactants [28,29], for
metal removal in environmental engineering and min-
eral processing, for the development of amphiphilic
metallodrugs for better bioavailability [30], and for the
synthesis of metallo-supramolecular block copolymer
micelles for nano-technological applications [31].

Many other contributions about metallosurfactants in
catalysis with new approaches and achievements
appeared in recent years. This prompted us to provide an
updated review article that covers selected recent liter-
ature in the specific field of metallosurfactants in catal-
ysis, limiting the contributions to the field since 2017.
The recent literature contributions are classified based
on the kind of chemical bond formed in the product and
the class of chemical reaction involved, discussing in
particular recycling features and selectivity issues of the
reactions. 'To further delineate the contributions
reviewed in this article, the present contribution does
not discuss examples comprising metal nanoparticle
catalysis stabilized by micellar aggregates or metal col-
loids [32,33,16] but focuses on traditional metal-cata-
lyzed reactions. In some cases, we also considered
examples in which the organic linker for the metal center
is of polymeric nature with amphiphilic properties, to
ensure micellar aggregates in water. At last, future di-
rections in this field of research are proposed, with the
aim to make a step forward in the development of real
nanozymes with features that possibly will better mimic
those of natural metalloenzymes.

C-C bond-forming reaction

Micellar catalysis is particularly advantageous for C-C
bond-forming reactions mediated by metal complexes,
since frequently the soft Lewis acid character of the
metal catalysts is compatible with the hard Lewis base
character of water. In fact, soft metal Lewis acids do not
suffer from inactivation, and this possible side effect is
further minimized by the confinement effects in the
apolar core of the aggregates. Accordingly, C-C bond
formation has been extensively investigated under
micellar conditions. In particular, in the recent years, a
new N-heterocyclic carbene (NHC)-based metal-
losurfactant NHC-PdMS was thoroughly investigated
towards cross-coupling reactions in water (Chart 1la)
[34]. The molecule presents a Pd(II) active site bound
to the NHC framework via a robust Pd-carbene bond,
with NEt; as a co-ligand. This configuration restrains
the Pd center between the hydrophobic alkyl portion
and the polyoxoethylene glycol moiety. The aggregation
of such complex in water was studied through surface
tension and DLS measurements, further analyzing size
and shape of the aggregates by means of SAXS and
DOSY NMR experiments. The critical micellar con-
centration (CMC) of the metallosurfactant was deter-
mined to be 0.18 mM. Comparing this value with those
of just the ligand precursor (3.9 mM) and with the i situ
prepared NHC-based metallosurfactant (1.2 mM), it
becomes clear the important role of the coordinated
NEtz. The trialkylamine ligand led to increased hy-
drophobicity of the metallosurfactant, as well as
enhanced steric bulkiness at the air—water interface,
and decrease in electronic repulsion, resulting in the
lower CMC value. Hydrodynamic radi of the final mi-
celles and metallosurfactant precursor were also
affected by the coordination, resulting in a larger radius
for NHC-PdMS (26 &+ 6 nm) with respect to that of
the precursor (2.5 £ 0.3 nm). Due to the low value of
CMC, it was possible to evaluate the catalytic activity of
the micellar system employing small amounts of NHC-
PdMS (3 mol%). Mizoroki-Heck reactions were
performed under dilute condition, employing styrene
and various aryl iodides, observing quantitative conver-
sions and yields from 72% up to 95%. Moreover, NHC-
PdAMS, did not provide Pd black after the reaction. The
re-coordination of NEt3 to the palladium center was
confirmed, indicating that NHC-PAMS retained its
molecular structure after the catalytic reaction, allowing
for recycling of the surfactant for a second reaction,
obtaining 48% vyield. The operational simplicity of this
process, with no use of organic co-solvents, allowed
organometallic reactions to take place under environ-
mentally attractive conditions, complying with the
Principles of Green Chemistry.

For some applications, the formation of the metal-
losurfactants takes place # situ, where the amphiphilic
ligands coordinate the metal salt already in solution to
obtain the metallomicelles.
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a) Pd-NHC metallosurfactant for cross-coupling reactions in which a fundamental role is played by the triethylamine ligand that confer specific aggregation
properties and that ensure metal activity, b) Amphiphilic 2,2'-bipyridine and phenanthroline-based surfactant for the formation of metallomicelles for
aerobic tandem desilylation/Glaser coupling reactions, ¢) general structure of metallosurfactants bearing a pyridine and two NHC coordination sites that
with Pd metal center promoted rapid Suzuki cross-coupling reactions, d) dimeric N-heterocyclic carbene complex bearing either Cu(l) or Fe(ll) metal
centers for the emulsion polymerization processes under atom transfer radical polymerization, e) Rhenium bipyridine-based metallosurfactant bearing

polycarbonate hydrophobic and anionic hydrophilic side chains.

An example of this approach was reported by Yuan and
coworkers [35], that developed a series of PEG-grafted
nitrogen ligands reported in Chart 1b. These new
amphiphilic compounds consist of phenantrolines and
bipyridine in which specific aromatic positions are
functionalized with a PEG chain. The obtained metal-
losurfactants bearing a Cu(l) active center were
employed for the aerobic tandem desilylation/Glaser
coupling of TMS-protected alkynes in water and for the
base-free homo-coupling of terminal alkynes. This
system allowed to achieve up to 99% product yields,
with the advantage of good levels of recycling. Indeed,
the aqueous micelle phase could be recovered by simple
filtration, and further used up to five times with minor
loss of reactivity.

Another interesting contribution to the field of metal-
losurfactant consisted in the new class of N-heterocyclic
carbene surfactants, proposed by Polarz and coworkers,
bearing positively charged headgroups (Chart 1c) [36].
This amphiphile, possessing a long aliphatic chain and
two mono-cationic head groups separated by a pyridine
spacer, is able to coordinate different metal cations. The
rather low calculated CMC (7.9-1072 mM) is indicative
of good aggregation properties in water, confirmed by
DLS and TEM analyses. Their liquid crystal behavior at
higher concentrations was also studied by SAXS. Upon
generation of the carbene species, complexation with
metals such as Pd(II), Fe(II), Cu(I) and Ag(I) occurred,
allowing a flexible adjustability to the needs of various
reaction environments. Particularly advantageous is the
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water-soluble complex bearing Pd(II) which was tested
in the Suzuki cross-coupling reaction of phenylboronic
acid with 4-bromoacetophenone, achieving almost
quantitative conversion within 15 min. Moreover, the
catalytic activity observed was boosted by one order of
magnitude if compared to an analogous Pd(IT)-NHC
complex lacking the amphiphilic character and not
forming aggregates in water. The results obtained,
together with the compatibility of the metallosurfactant
precursor to form similar complexes with diverse tran-
sition metals, opens new alternatives towards organo-
metallic reactions in micellar media.

An example of dimeric N-heterocyclic carbene ligand
able to bind either Cu(l) or Fe(II) metal centers was
recently proposed for the emulsion polymerization
process under atom transfer radical polymerization
(ATRP) conditions of methyl methacrylate (MMA) and
subsequent copolymerization with styrene in water
(Chart 1d). [37]. Both metallosurfactants had a crucial
role in stabilizing the water/oil emulsion, retaining
constant size of the droplets in solution for the entire
duration of the reaction. After the initial polymerization
of MMA, the surfactant with the active metal center
remained bound to the surface of the polymeric parti-
cles, that could therefore act as macroinitiators for the
copolymerization of styrene, with the surfactant occu-
pying the interface between PMMA and polystyrene
(PS). For future applications, the particular linkage be-
tween the PMMA particle and the surfactant could be
exploited by exchanging the copper or iron atom on the
ligand with a different metal: the second shell could
then grow with an entirely different mechanism as
needed for different applications.

A versatile pathway to synthesize metallosurfactants
bearing different active metal complexes covalently
linked was recently reported, involving CO,-based
polycarbonate chains (Chart 1e) [38]. By employing
dicarboxylic acid chain-transfer agents bearing metal
binding sites, it was possible to synthesize poly-
carbonates with a single-metal complex present in the
main chain. Moreover, the introduction of the complex
could be made either during the polymer synthesis or in
a post-polymerization process. Subsequently, the ob-
tained polymer could be easily further functionalized to
achieve the desired carboxylate functionality that pro-
vides the final molecule its amphiphilic behavior. In this
way, a (bipy)Re(CO)3;Br complex was sequestered in the
hydrophobic polycarbonate backbone of the molecule.
This amphiphile was shown to self-assemble in deion-
ized water to provide rather uniform and spherical mi-
celles, with the purpose of being employed in catalytic
organic transformation in aqueous solutions. The crucial
feature of this procedure consists in its facile prepara-
tion and its applicability to a wide variety of protic chain
transfer agents containing metal complexes or metal-
binding sites. Thus, this approach provides a pathway

to synthesize a wide range of micellar catalysts due to
the capability of introducing various metal centers,
which possess common binding sites in polymeric ma-
terials, paving the way to enable organometallic re-
actions that do not rely on the presence of traditional
organic solvents.

C-heteroatom bond formation

Three new amphiphiles featuring N-heterocyclic
carbene (NHC)-gold(I) complexes bound to poly-
ethylene glycol ubiquinol succinate (PQS) were
recently developed to perform micellar catalysis in bulk
water for intramolecular C-O bond formation reactions
(Chart 2a) [39]. These metallosurfactants were syn-
thesized starting from Lipshutz’s PQS [40] by esterifi-
cation or nucleophilic substitution and formation of the
gold complex by Nolan trans-metalation. Through these
pathways three different compounds were prepared,
featuring either a rather rigid benzylic linker or more
flexible aliphatic linkers. These surfactants were then
tested in three different cyclization reactions, with the
main focus being the gold-catalyzed dehydrative cycli-
zation of alkynediols to furans. The use of the surfac-
tants allowed to achieve quantitative conversions and
isolated yields up to 97%. It is worth noticing that a
significant acceleration of the transformations in the
micellar nanoreactors was observed by using SDS as co-
surfactant. Furthermore, efficient catalyst recycling was
established for all reactions examined by in-flask
extraction of the product. In fact, in some cases it was
possible to recycle aqueous phase seven times,
observing only a moderate reactivity decrease. Particular
attention was put on the leaching of the metal, deter-
mining that the covalent attachment of the gold catalyst
to the amphiphile leads to a decrease of metal leaching
by more than two orders of magnitude, if compared to
the system where the gold catalyst is simply suspended
in the micellar phase. The performances of these new
metallosurfactants clearly prove the advantages of
micellar catalysis using amphiphile-bound metal com-
plexes when performing organic transformations.

The approach of covalently binding an organometallic
complex to a surfactant was also proved convenient by
the group of Lipshutz. In their work, a neutral Ir
photocatalyst was conjugated to the PQS surfactant
backbone through an ester bond, achieving a metal-
losurfactant with a photo-catalytic unit in between the
polar and the apolar portion (Chart 2b) [41]. The
amphiphile self-aggregated in water, providing efficient
performances in the photocatalytic sulfonylation reac-
tion between alkenes or enol acetates with chlor-
osulfonyl aryl derivatives. The corresponding products
were obtained with good-to-excellent yields (up to
99%), working in the absence of any organic solvent, and
under mild experimental conditions. Moreover, the
metallosurfactant allowed for the recycling of the
aqueous medium containing the catalyst up to four runs,
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a) N-heterocyclic carbene (NHC)-gold(l) complexes bound to polyethylene glycol ubiquinol succinate for intramolecular cyclizations, b) Ir-based metal-
losurfactant with a PQS chain for the photo-catalytic sulfonylation of alkenes and enol acetates with chloro-sulfonyl-aryls, ¢) Gold(l) NHC catalysts

immobilized on an amphiphilic block copolymers.

with isolated vyields of the product ranging from 70 to
80%. This system represented a more sustainable
alternative than using the catalyst suspended by other
amphiphilic agents, resulting also in a net usage of
iridium at the ppm level.

Advantageous insights into the field of micellar catalysis
performed by metallosurfactants were reached through
the synthesis and the study of fifteen new gold(I)-
NHC-functionalized amphiphilic block copolymers
(Chart 2¢) [42]. These new compounds differ in the
characteristics of the linker between the gold(I) NHC
catalyst and the block copolymer framework, as well as
in the steric properties at the N-heterocyclic carbene
ligand due to variable substitutions. These copolymers
were synthesized by reversible addition and fragmen-
tation transfer (RAFT) polymerization process and the
formation of the micelles in water and their size were
ascertained by electron microscopy and dynamic light
scattering. The applications of these metallosurfactants
in the cycloisomerization of o-allenols to their
corresponding dihydrofurans under micellar catalysis

conditions showed promising results, with yields up to
92%. Product yields were found to be a function of the
linker flexibility and substitution pattern of the NHC-
ligand. The crucial point raised by this contribution
was the clear correlation between catalyst activity and
polymer structure, allowing for a better understanding
of tunable systems when considering micellar catalysis
with metallosurfactants. Finally, the recyclability of the
system employed was investigated, showing very good
results in four consecutive runs without significant loss
in yields for some derivatives and with minimal leaching
of the active metal species.

The metallosurfactants developed by Yuan and co-
workers (Chart 2b) [35] found advantageous application
also in the formation of C-heteroatom bonds in micellar
environment. In this case, the PEG-grafted nitrogen
ligands coordinate Cu(I) ions forming the metal-
lomicelles in which the reaction between alkyl- or aryl-
hydrazines with thiols takes place, employing molecu-
lar oxygen as terminal oxidant [43]. The catalytic system
showed high efficiencies and selectivities (yields up to
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99%) and good compatibility with a wide range of hy-
drazines and thiols. To prove the scalability of the
method, the gram-scale synthesis between phenyl-
hydrazine and 4-methoxybenzenethiol was performed
using the described metallosurfactant, with 95% yield of
the corresponding product. Particular attention was put
to the evaluation of the recyclability of the aqueous
phase, and it was observed that the mother liquor could
be reused up to five times with minor loss of activity and
unaltered product yields.

Oxidation reactions

The polar nature of many oxidants intrinsically promotes
the use of aqueous environments for oxidation reactions.
A remarkable new chiral amphiphilic catalyst, containing
a Mn-salen framework, was developed and employed in
the green enantioselective epoxidation of non-
functionalized alkenes in water with NaClO as termi-
nal oxidant (Chart 3a) [44]. CTABr was also used as co-

surfactant to build a nanoreactor in which the reaction
took place. The catalytic system enabled to achieve high
conversions, in some cases even quantitative, and
enantio-selectivity (up to 84% ee) in the epoxidation
reaction with 6-CN-2,2-dimethylchromene and 1,2-
dihydronaphthalene. Interestingly, the relative position
of the metal center with respect to the micellar aggre-
gate conferred distinct reactivities toward different al-
kenes: the length of the aliphatic moiety of the catalyst
was in fact crucial for improving the reactivity toward
aliphatic alkenes.

A reversible catalytic system based on a series of
amphiphilic compounds was reported to afford photo-
responsive metallomicelles for asymmetric oxidation
catalysis in water (Chart 3b) [45]. The self-assembling
compounds comprise a series of nitrospiropyran-
containing di-block chiral hydrophobic salen Ti(IV) co-
polymers. The metallosurfactants were employed in the
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a) Cationic Salen-Mn metallosurfactant for asymmetric epoxidation of 1,2-dihydronaphthalene; b) polymeric Salen-Ti photo-isomerization amphiphilic
copolymer for asymmetric sulfoxidation of aryl alkyl sulfides, ¢) amphiphilic polyoxometalate [PW1:03g]”" for the efficient catalytic oxidation of alcohols.
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asymmetric sulfoxidation of thioethers in water using
H;0O; as oxidant for a broad range of aryl alkyl sulfides.
The results showed significant rate accelerations with
TOF over 1500 hfl, remarkable high chemoselectivity
for the sulfoxide product up to 97% and high enantio-
selectivity up to 99% e¢e. Due to the light and dark
responsiveness of the spiropyran unit, it was possible to
combine the advantages of homogeneous catalysts with
the easy recovering proper to heterogeneous catalysts.
In fact, when exposed to visible light, the photo-
responsive unit assumes the closed neutral form causing
the precipitation of the metallosurfactant enabling its
easy recycling. Indeed, it was possible to reuse the
metallosurfactants up to seven times without significant
loss in activity and selectivity, as well as negligible loss of
metal species, due to a stabilizing effect performed by
the imidazolium unit next to the salen Ti(IV) complex.

A noteworthy species of metallosurfactant for the
oxidation of alcohols in water using H,O; as oxidant was
recently developed. This hybrid surfactant was prepared
by covalently grafting a polyoxometalate [PW;;039]”
anion to apolar side chains through an alkoxysilane group
(Chart 3¢) [46]. This amphiphilic compound was effi-
ciently employed in a biphasic catalytic system, allowing
to obtain complete selectivities and moderate to good
yields, with TOF of more than 300 h~L Interestingly,
the demulsification at the end of the process could be
simply fostered by increasing the temperature leading to
isolation of the metallosurfactant, that can be recovered
and reused up to three times without any significant loss
in catalytic performance. These results showed how
functionalization of the tungsten anion is crucial,
enabling better stability of the active species in the
oxidizing mixture and opening a pathway to more
environmentally benign alcohol oxidation procedures.

Reduction reactions

A very recent publication reported the preparation of
water-soluble PEPPSI-type (pyridine-enhanced pre-
catalyst preparation stabilization and initiation) Pd(II)
complexes consisting N-heterocyclic carbenes com-
plexes. To impart an amphiphilic character to the ligand,
the substituents on the nitrogen atoms were hydro-
phobic alkyl chains, while positions 4 and 5 were
substituted with two carboxylic acid functionalities
further connected to PEG ponytails. The corresponding
Pd(II) complexes were tested in the NaBHy4 reduction
of p-nitrophenol and p-ethylnitrobenzene in H,O: THF
3:1, observing up to three times rate enhancements with
respect to known similar catalysts reported in the
literature. Unfortunately, the authors did not investigate
recycling properties of the systems which is a funda-
mental aspect of metallosurfactants.

An interesting application of amphiphilic polymeric
core-crosslinked micelles (CCMs) to be employed in

micellar catalysis was recently reported (Chart 4a) [47].
In the work, a lipophilic monodentate N-heterocyclic
carbene complexing a Rh(I) active center was covalently
bonded to the hydrophilic shell of a water-soluble
copolymer. One of such compounds in particular, Rh—
NHCmes@CCM, was characterized by NMR, DLS and
TEM and employed as a catalyst for the aqueous
biphasic hydrogenation of styrene and other alkenes.
The obtained results highlighted the high activity of the
nanoreactor (quantitative conversion of styrene), even
when used in low catalytic loadings (10000/1 substrate/
Rh ratio). Moreover, it is air stable and evolution to
Rh(0) is slower if compared to its analogous molecular
Rh(I) complex. Recyclability of the aqueous solution
containing the nanoreactors was carefully investigated,
achieving almost quantitative conversion up to four
times over 3 h cycles. Furthermore, the loss of rhodium
per cycle was on average lower than 0.6 ppm. These
results clearly display the important role of the hydro-
phobic network, enclosing the catalytic species in a
confined space and stabilizing the intermediate cata-
lytic species.

A remarkable alternative pathway for the asymmetric
transfer hydrogenation of a broad range of aromatic
ketoesters was developed under micellar conditions.
The amphiphile employed in this case was based on a
rhodium active center coordinated to a chiral amphi-
philic ligand bearing a single or double chain (Chart
4b) [48]. This catalytic system allowed to achieve
yields up to 99% and ¢¢ up to 99% for the asymmetric
transfer hydrogenation reaction. Furthermore, these
newly developed catalysts were employed also for the
dynamic kinetic resolution of bicyclic §-ketoesters in
water with excellent enantio- and diastereoselectivities.
Moreover, the structure of the metallosurfactant sys-
tems was investigated using TEM analysis with inter-
esting results: while classic micellar-like assemblies
were observed using the trimethylanilinium-based
ligand, the formation of vesicles was instead proved
when employing the glycine-based trimethylammonium
ligand bearing two aliphatic side chains. The latter
specific aggregation properties led to enhancement in
the activities and enantioselectivities, due to higher
thermostability and the formation of more hydrophobic
nano-environments.

Hydrolysis reactions

Hydrolysis reactions under micellar conditions have
been investigated for decades. This specific topic
rapidly led to the development of many metal-
losurfactant systems that were applied for the hydro-
lytic cleavage of carboxylate and phosphate esters [49],
also in the enantioselective version. Specific features of
these metallosurfactants were high concentrations
effect, local pH changes and cooperativity between
reacting centers [50]. The field has been enriched also
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a) Rh(l)-NHC amphiphilic polymeric nanoreactors; b) chiral cationic bidentate amphiphilic N ligands with single and double aliphatic side chains for Rh(l)

asymmetric transfer hydrogenation of carbonyl compounds.

by the development of the so-called nanozymes [51], in
which the presence of metal nanoparticles as templat-
ing units plays a fundamental role in the cata-
lytic performance.

Recent contributions for real biological applications
proposed the development of cross-linked metal-
lomicelles in which covalent bonds between surfactant
units stabilize the hydrophobic core of the aggregates,
enabling better recognition phenomena. In particular,
Zhao and collaborators exploited the higher stability of
cross-linked micelles to imprint the core of such nano-
metric systems with compounds reminiscent of the real
substrates or similar to the transition state of the reac-
tion to be catalyzed. The cross-linked micelles presen-
ted recognition sites that better complement and bind

the substrate, thus leading to substrate-selective sys-
tems with also enhanced catalytic activity. The approach
was successfully applied to the hydrolysis of N-acyl
homoserine lactones, important biological signal mole-
cules present in a large number of gram-negative bac-
teria, that were recognized and hydrolyzed by Zn(II)
active sites (Figure 2a) [52]. The series of water-soluble
molecularly imprinted nanoparticles (MINPs) showed
good performances in the hydrolysis reaction under
biologically relevant conditions, with conversion in some
cases up to 83%, depending on the template used.
Furthermore, these new artificial enzymes were much
easier to produce than antibodies and could tolerate
high temperature and presence of organic solvents.
Lastly, using this approach it was possible to fine-tune
the structures of MINPs in various ways, giving rise to
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Figure 2

Imprinted substrate
recognition site for N-acyl
homoserine lactone

Imprinted substrate
recognition site for
phosphodiester
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Imprinted cross-linked micellar nanoparticles with a) Zn(ll) metal active
sites within recognition pockets for N-acyl homoserine lactone hydrolysis,
b) Zn(ll) active sites within recognition pockets for phosphodiester sub-
strates like DNA and RNA.

further improvement and enabling new strategies to
fight bacterial resistance.

With a similar approach, the same research group re-
ported an efficient cross-linked metallomicellar system
templated with hydroxypropyl p-nitrophenyl phosphate
(HPNPP) as a phosphodiester analogue, enabling the
hydrolysis of phosphate or carboxylic acid esters with
high turnover, substrate specificity and high activity
related to the presence of Zn(II) metal centers
(Figure 2b) [53]. The preparation and applications of
these new MINPs clearly show the high versatility of
this class of water-soluble nanoparticle catalysts. With
respect to previously reported di- and trinuclear zinc
catalysts, the new MINPs feature only a mononuclear
zinc catalyst with simple ligand structures, that display a
preferential binding for the substrate. This character-
istic overcomes the deactivation problems of the tradi-
tional DNA- and RNA-hydrolysing artificial enzymes, in
which the phosphate products tend to bind to the
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catalytic metal more strongly than the substrates. Due
to the featured substrate-specific active site, the sys-
tems could indeed block more strongly coordinating
products from entering the active site. Turnover
numbers obtainable using these MINPs vary from 61 up
to 300, depending on the amount of nanoparticles used
and the specific reaction investigated. These results are
one order of magnitude higher than the highest reported
previously. This new type of artificial amphiphilic en-
zymes containing metal catalysts can find applications in
chemistry and biology thanks to the relevant perfor-
mances achievable and the possibility for further mod-
ifications with more advanced catalytic features.

Conclusions

Metallosurfactants are nowadays fundamental ap-
proaches for metal catalysis to promote high selectivities,
simple catalyst recovery and mild experimental condi-
tions in water as the solvent. In this contribution we
reported recent achievements in the field, concentrating
on landmark publications in the last five years. Further
improvements in the field of metallosurfactants for cat-
alytic applications can be foreseen specifically based on 1)
the expansion of the chelating units for the metal cen-
ters, as well as ii) the implementation of new apolar
portion of the molecules, that was so far limited to
aliphatic flexible alkyl chains. As long as the develop-
ment of new polar units to bind the metal is concerned,
examples like the development of hybrid surfactant
systems with inorganic constituents [54] can provide
novel self-organization features thanks to unique size
and electronic properties. Looking to new apolar side
chains, possible directions would be for instance the
development of alternative metallosurfactants, based on
more rigid apolar units, to promote the formation of more
precise micellar aggregates formed by the assembly of a
lower number of units [55]. Examples with apolar side
chains bearing apolar ferrocene units [56] or iron
carbonyl moieties [57] recently appeared, leading to non-
classical surfactant structures. Other directions are
possible in the field of polymer-based metallosurfactants,
in which a single metal center can be placed in the apolar
portion of the polymer [38]. The aggregation properties
could be triggered by pH modifications and the effect on
the metal present in the apolar scaffold [58] or by
modifications of other receptors present in the surfac-
tant, leading to disassembly of the micellar aggre-
gate [59]. The interactions between previously formed
micelles and colloids can also further expand the possi-
bilities to develop more complex metallosurfactant-
based systems for possible catalytic applications [60].
Positive cooperation between the plasmonic properties
of Au nanoparticles and the catalytic activity of the
metallosurfactant in esterification reaction has been
recently reported, suggesting an intriguing new direction
in homogeneous catalysis [61]. Recent achievements
concerning metal-surfactant interactions in the field of
electrocatalytic reactions have been proposed as
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well [62]. At last, in some cases the combination be-
tween metal centers and surfactants has been proposed
to create a network for hosting traditional metal catalysts
and enzymes, thus enabling cooperative tandem catal-
ysis [63]. Overall, new exciting combinations can be
imagined, and certainly several are already ongoing in
many research groups. The future of metallosurfactants
will provide many new ideas, always aiming at mimicking
one day the unique properties of metalloenzymes.
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