(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Nanoreactors for green catalysis

M. Teresa De Martino’, Loai K. E. A. Abdelmohsen?, Floris P. J. T. Rutjes?

and Jan C. M. van Hest'’

Review

Address:

Eindhoven University of Technology, P.O. Box 513, 5600 MB
Eindhoven, The Netherlands and 2Radboud University, Institute for
Molecules and Materials, Heyendaalseweg 135, 6525 AJ Nijmegen,
The Netherlands

Email:
Jan C. M. van Hest' - j.c.m.v.hest@tue.nl

* Corresponding author
Keywords:

catalysis; dendrimers; green chemistry; nanogels; nanoreactors;
micelles; polymersomes

Abstract

Beilstein J. Org. Chem. 2018, 14, 716-733.
doi:10.3762/bjoc.14.61

Received: 31 October 2017
Accepted: 13 March 2018
Published: 29 March 2018

This article is part of the Thematic Series "Integrated multistep flow
synthesis".

Guest Editor: V. Hessel

© 2018 De Martino et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Sustainable and environmentally benign production are key drivers for developments in the chemical industrial sector, as protecting

our planet has become a significant element that should be considered for every industrial breakthrough or technological advance-

ment. As a result, the concept of green chemistry has been recently defined to guide chemists towards minimizing any harmful

outcome of chemical processes in either industry or research. Towards greener reactions, scientists have developed various ap-

proaches in order to decrease environmental risks while attaining chemical sustainability and elegancy. Utilizing catalytic nanoreac-

tors for greener reactions, for facilitating multistep synthetic pathways in one-pot procedures, is imperative with far-reaching impli-

cations in the field. This review is focused on the applications of some of the most used nanoreactors in catalysis, namely:

(polymer) vesicles, micelles, dendrimers and nanogels. The ability and efficiency of catalytic nanoreactors to carry out organic

reactions in water, to perform cascade reaction and their ability to be recycled will be discussed.

Introduction

It is widely acknowledged that “the best solvent is no solvent”;
however, running a reaction under neat conditions is very chal-
lenging from the points of view of mass transfer and tempera-
ture gradients [1,2]. Therefore, sustainable chemical technolo-
gies are often related to the use of a green non-harmful solvent

[3], water. In principle, green chemistry refers to (1) the

employment of raw material (substrates) in an efficient manner,
(2) decreasing the resulting waste or undesired byproducts, and
(3) using cheap and environment friendly solvents (i.e., water).
Generally, using water as a solvent is an acceptable choice for
green chemistry [4-6]. Indeed, water is attractive from both

economic and environmental points of view, and is not taken
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into account when the E-factor (defined as mass ratio of waste
to desired product) for a chemical process is determined [7,8].
This is to be true for chemical processes where the utility of
water is limited to the work-up at the end of the process and not
when used as a reaction medium. However, it should be noted
that the utility of water as a reaction medium is the safest, but
not the greenest choice. Unfortunately, most organic com-
pounds and catalysts are not soluble in water, limiting its utility
for most reactions [9,10]. For this reason, scientists across acad-
emia and industry have proposed many solutions in order to
maximize the outcome of reactions (i.e., yields, enantioselectiv-
ities, etc.) in water and, thereby, harness its utility for further
applications. The abovementioned issues are particularly rele-
vant in the field of asymmetric catalysis, which besides over-
coming catalyst compatibility also has to deal with cost issues
[11,12]. Research on asymmetric catalysis has been mainly
focused on performing catalytic reactions with high enantiose-
lectivity and efficiency [13,14]. As a result, a wide range of
chiral catalysts have been established [15,16]. Chiral catalysts
are, however, not only incompatible with aqueous solutions, but
also expensive due to the structural complexity of the ligands
used and the usage of transition metals. Finding an approach to
utilize chiral catalysts in water while minimizing their cost (i..,
recycling) is still a big challenge. In order to accomplish this,
various strategies have been proposed and applied [17-19]. One
significant, well-established and widely used strategy, is the use
of site-isolated techniques, i.e., creating a separate micro envi-
ronment [20-22] for catalysts to (1) allow their use in incompat-
ible media, (2) to reduce their costs by recycling them, and
(3) avoid any unfavorable environmental influences that might
affect reaction yield and output [23,24]. Indeed, such a strategy
proved to be advantageous for performing reactions in water

and minimizing both reaction waste and cost [25,26].

Attempts to support homogeneous metal complexes onto
organic or inorganic surfaces to facilitate their removal/extrac-
tion from the reaction mixture has proven to be successful
[27,28]. In fact, the utility of catalytic supports has been funda-
mental to the concept of entrapping catalysts in organic nanodo-
mains and bringing the notion of catalytic nanoreactors to light
[29,30]. In recent years the use of nanocontainers/reactors
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wherein catalysts are entrapped and physically separated in an
isolated compartment has appeared to be an excellent facile ap-
proach to enhance performance of reactions in water [31-34].
Pioneering examples in this field include small molecule
host—guest containers such as cavitands [35-37], and calix-
arenes [38,39]. Besides these supramolecular cage structures
compartmentalization can also be achieved in macromolecular
nanoreactors. The advantage of employing these polymeric
structures is their improved robustness and loading capacity,
which makes recycling and efficient usage of catalytic species
more achievable. Nanocompartments such as polymersomes
[40], micelles [41], dendrimers [42], and nanogels [43,44]
represent smart and compact devices to carry out reactions in
aqueous media. Besides, their facile recyclability make them
very suitable as nanoreactors for a multitude of applications in
synthetic chemistry [24,31]. In a recent study the E-factors for
different traditional coupling reactions used in the pharmaceuti-
cal industry were reported and compared to those achieved in
micellar nanoreactors [45], showing for the latter a decrease of
at least an order of magnitude, which underlines their consider-

able potential in green catalysis (Table 1).

In this review we will focus on the application of polymeric
nanoreactors in green catalysis by highlighting their structure
and ability to encapsulate and shield catalysts. Four different
types of nanoreactors will be described, namely micelles, poly-
mersomes, dendrimers and nanogels. The choice of discussing
these nanoreactors stems from their accredited relevance in the
field of catalysis and the significant number of examples
published in literature. The advantageous aspects of these four
classes of nanoreactors over non-supported homogeneous
systems include: 1) the site isolation of reactive components
(enabling cascade reactions), 2) the ability to convert hydro-
phobic substrates in water (under green conditions), and 3) the
facile catalyst recovery. All these attractive features are covered
in this review. Moreover, in this review we have not attempted
to be comprehensive, but we rather want to illustrate the appli-
cation potential of these nanoreactors with some illustrative ex-
amples of the most relevant classes of organic reactions (per-
formed in water), which should interest both academia and
industry.

Table 1: Representative comparison of E-factors (including the aqueous work-up), of a pharmaceutically relevant synthesis, carried out via a tradi-

tional and a micellar process [45].

reaction

Heck coupling (300 g scale) 136
Suzuki—Miyaura (302 g scale) 83
Sonogashira coupling (57 kg scale) 37.9

E-factors in traditional process

E-factors in micelles

7.6
8.3
7.0
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1. Homogeneous vs heterogeneous catalysis
Catalysis, in general, is divided into two major types, homoge-
nous and heterogeneous. In homogeneous catalysis catalyst and
substrates are both present and molecularly dissolved in the
same phase (typically a liquid phase) [46]. Homogeneous catal-
ysis involves the use of biocatalysts (enzymes), organocatalysts
and metal catalysts [47]. Catalysis is defined as heterogeneous
when catalysts are in an aggregated state, and are thus in a dif-
ferent phase than the reactants [27,48]. Heterogeneous catalysts
typically consist of a solid carrier, the so called “support”, on
which catalytic sites are dispersed [49,50]. Homogeneous catal-
ysis is generally performed under milder operative conditions
than heterogeneous catalysis [51]. In fact, heterogeneous cata-
lysts generally possess very high decomposition temperatures
(above 100 °C) [52]. The presence of a solid phase often results
in the formation of temperature gradients when using high tem-
peratures, which leads to an increase in reactant diffusion and a
consequent hampering of mass transfer [53]. Furthermore, the
catalytic sites in heterogeneous catalysis are often not as well-
defined as in homogeneous catalysis. Therefore, homogeneous
catalysis usually results in better selectivity and less byproducts
[54].

Although homogenous catalysis ensures high selectivity and a
better reaction outcome, yet it is expensive (catalyst recycling is
not always an option) and it requires the utility of harmful sol-
vents, yielding high E-factors [53]. In order to lower the
E-factor, water should be used in the work-up procedure and
separation. It has to be pointed out, however, that the presence
of water during the process and its purification afterwards, espe-
cially when coming from industrial wastes, poses stringent
limitations from an economical and environmental point of

view.

A good method for homogeneous catalysts separation and reuse
is offered by the use of biphasic liquid—liquid systems. Recy-
cling can be achieved in the reactor when the organic phase is
sampled out, while the aqueous phase containing the catalyst is
retained into the vessel, enabling for continuous processing. The
main issue that has to be solved in such set-up is the tolerability
of the catalyst to water (its solubility, its activity, etc.) [55]. A
strategy to overcome this problem is the inclusion and confine-
ment of the homogeneous catalysts into a host nano-architec-
ture [56]. Compartmentalization enables catalyst segregation
and shielding, and ensures its facile removal from the reaction
mixture after the reaction has taken place [34]; this facilitates
reactions to be performed in water followed by liquid—liquid
separation of products and catalyst [22]. Moreover, shielding
and segregation of catalysts in a nanoreactor facilitates one-pot

tandem reactions that, in most cases, require two or more
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incompatible catalysts [22,57]. Catalyst confinement leads to a
high local concentration of the substrate at the active site, which
results in higher reaction rates and better conversion [9]. In this
review we will highlight some typical nanoreactors that are
used to accommodate homogeneous catalysts, holding promise
in green organic synthesis. A division will be made between
self-assembled nanoreactors, section 2, and covalent systems,
section 3.

2. Self-assembled nanoreactors

Self-assembled nanoreactors are macromolecular architectures
that are non-covalently assembled from their constituent build-
ing units [58,59]. Such nanoreactors allow for physical confine-
ment of catalysts, shielding them from their surroundings [60].
Compartmentalization of catalysts in supramolecular nanoreac-
tors is advantageous from kinetic (faster catalytic process) [61]
and thermodynamic (lower transition state of reaction) [9] catal-
ysis points of view. Segregation and isolation of catalysts inside
nanoreactors guarantee, in most cases, a valuable platform for
catalyst recycling [30]. In the following section we will discuss
the utility of some of the well-established catalytic nanoreac-
tors towards green(er) chemistry [62].

2.1. Micelles

Micelles are supramolecular architectures that are assembled of
amphiphilic molecules [41]. Above the critical micellar concen-
tration (CMC), surfactants with the appropriately designed
hydrophilic head (neutral, anionic and cationic) and hydro-
phobic chain organize themselves in micelles [31]. Micelles
have been extensively studied [9,32] and their utility as nanore-
actors is well-established [41,58]. Various micellar morpholo-
gies can be obtained depending on the ‘packing parameter’
[56-61], which is defined as p = v/a, [, where v is the volume,
I; is the length of the hydrophobic chain and q, is the optimal
area of the head groups [62]. As a general rule, if p < 1/3 spheri-
cal micelles are obtained, while cylindrical micelles, or the
so-called worm-like micelles, form when 1/3 <p < 1/2. A
typical micelle acquires a hydrophobic core that is able to
accommodate hydrophobic catalysts, providing thermodynamic
and kinetic control over chemical reactions [31]. Moreover,
carrying out reactions in such a hydrophobic core leads to a
concentration effect for hydrophobic substrates, which ensures
higher reaction rates than those performed in bulk [63]. Besides,
the structure of any micellar catalytic environment is governed
by the arrangement of the amphiphilic molecules, creating, in
many cases, a regioselective environment (Figure 1) that affects
the outcome of some reactions [29].

Non-spherical, high aspect ratio micelles are preferred for catal-

ysis as such structures provide large surface area where reac-

tions could take place [64]. This has been particularly the case
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b

Figure 1: Assembly of catalyst-functionalized amphiphilic block copolymers into polymer micelles and vesicles. Characteristics of a nanoreactor
system are shown using the polymer micelles including (a) the catalysts are protected and isolated from each other by the micellar shell,

(b) substrates are effectively sequestered by the core from the surrounding environment, creating a highly concentrated environment for confined ca-
talysis, (c) the nanostructure shell may regulate the access of substrates to the catalyst-containing micelle core. Reprinted with permission from refer-

ence [29].

for dehydration reactions [24]. Due to the combination of the
structures’ high aspect ratio and the hydrophobic effect, water
could effectively diffuse away from the catalytic site, which
enabled the enhanced formation of product. [40].

Catalysis in micelles: Micelles as nanoreactors have been ex-
tensively used in organic synthesis [31], allowing reactions in
water [65] with better yields and easier catalyst recover [26]
than traditional processes.

Lipshutz and co-workers have successfully exploited micelles
not only as nanoreactors, but as an outstanding platform for
achieving greener organic reactions [26,65,66]. They have
shown, for example, C—N cross-coupling reactions between
heteroaryl bromides, chlorides or iodides and carbamate,
sulfonamide or urea derivatives to be successfully realized in
water using palladium-loaded TPGS-750-M (dl-a-tocopherol
methoxypolyethylene glycol succinate) micelles (Scheme 1).
Moreover, this micellar catalytic system allowed for catalyst

O
HQNJ\O’R'
(0] [(p-allyl)PdCl ], base 1.5 equiv 2 wt % H,O H
>E/ 7. HN-8—R" - X7 N-e
DA o) RA
R ONO%VO>\M6

o) n
1 r ~
H,N™ N TPGS-750-M O

0 G = CO,R"; SO,R":

CONMe,
P
Nas

Scheme 1: C-N bond formation under micellar catalyst conditions, no organic solvent involved. Adapted from reference [67].
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recycling, minimizing the amount of the used organic solvent

and generated waste [67].

The same group reported another interesting catalytic micelle
system, which is based on PTS (polyoxyethanyl a-tocopheryl
sebacate) [68]. Using PTS-based micelles, they showed the
amination of allylic ethers in water (Table 2 and Table 3). The
reaction of different ethers with naphthylmethylamine resulted
in excellent yields (Table 2). Comparable yields were obtained
when different amines reacted with frans-cinnamyl phenyl ether
(Table 3). In both of the cases micelles were used to protect the
very sensitive and unstable [Pd(allyl)Cl], intermediate from air.

Micelles were also used to perform cross-coupling between
benzyl and aryl halides in water [65]. This reaction is known to
result in very limited yields due to the undesired homo-cou-
pling reaction between electron-rich and electron-poor benzyl
bromides [69]. This draw-back has been circumvented by using
Pd-catalytic micelles, which were assembled in water using
TMEDA (tetramethylethylenediamine) as additive. TMEDA
was used to stabilize the Pd catalyst by chelation and indeed,
presence of TMEDA resulted in higher yield [65]. High catalyt-
ic efficiency of these Pd-catalytic micelles was also achieved

Table 2: Reactions of allylic ethers 1a—e with naphthylmethylamine?2.

run ether time (h)
RN
1 Ph \1 OPh 20 (min)
a

2 )J\/OPh 1
1b

x
3 “"oph 5 (min)

1c

OPh
=

4 </\>7/\/ 15

1d

OPh
5 5

1e

Beilstein J. Org. Chem. 2018, 14, 716—733.

while catalyzing reactions involving less reactive or sterically

hindered species.

Handa et al. described a self-assembled TPGS-750M micelle
(shown in Scheme 1), that allowed for copper-catalyzed
Suzuki—-Myaura coupling of aryl iodides (Scheme 2) [70].
When the reaction was conducted in inert atmosphere, no prod-
uct was formed. However, the reaction was performed success-
fully in the presence of air, suggesting that the actual mechanis-
tic pathway involved the formation of a P—(O)-N species on the
ligand. The presence of traces of Pd was also needed in this
process, as 200 ppm of Pd(OAc), worked like a co-catalyst
being beneficial either for the reaction rate and the yields, and
no product was observed without the Pd source. Furthermore,
the recyclability of the catalyst was improved and the experi-
ments could be repeated up to 5 runs with yields >90%. Con-
trary to the results obtained in bulk, using micelles resulted in
higher yields even after catalyst recycling, providing a promis-
ing catalytic platform for these coupling reactions [70].

Lee et al. described an approach to perform catalysis in micelles

based on rod—coil block copolymers [71]. Micelles were assem-
bled from hydrophilic poly(ethylene oxide) (PEO) and hexa-p-

product yield (%)

Me
Phos AN O 08

0
)J\/N ‘ 81

v
AN ‘ 91

3o
N
@/\/ 90
7

E:Z => 25:1

sl

@Reactions were carried out under air at rt in 2 wt % PTS/water in the presence of [Pd(allyl)Cl], (0.5 mol %), bis[(2-diphenylphosphino)phenyl] ether
(DPEphos, 1 mol %), ether (1 equiv), naphthylmethylamine (1.5 equiv), KoCO3 (1.5 equiv) and HCO2Me (4 equiv). Adapted from reference [68].
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Table 3: Reaction of amines 2a—f with trans-cinnamyl phenyl ether?.

run amine time (h)
/©/\NHYCOZEt
A 7
Br Bn
2a
H CO,Et
_ 2
B B Y~ 25
Bn
2b
Br
C HN, C 14
Bn
2c
D NH,-o-tol 25
2d
E NH»-Ph 25
2e
HZNYCOZEt
F Bn 25
2f

Beilstein J. Org. Chem. 2018, 14, 716—733.

product yield® (%)
Ph
I)/CO E 8
Sy
Bn
Ph
91
N CO,Et
B Y
Bn
P
R /—C6H4-4-Br
N 82
“Bn
AN
Ph™""NH(o-tol) 86
Ph" " NHPh 86 (9°)
Ph H CO,Et
\/\/ Y 2 80 (60)

Bn

@Reactions were carried out under air at rt in 2 wt % PTS/water in the presence of [Pd(allyl)Cl]2 (0.5 mol %), DPEphos (1 mol %), trans-cinnamyl
phenyl ether (1 equiv), amine (1.5 equiv), KoCO3 (1.5 equiv) and HCO,Me (4 equiv). Plsolated yields. Doubly allylated product. Adapted from refer-

ence [68].

phenylene, providing a platform for Suzuki reactions with the
hydrophobic core acting as a suitable pocket for apolar aromat-
ic guests [71,72]. With such a platform, full conversion was
achieved at room temperature in water. Almost quantitative
yields were observed when aryl chloride coupling was per-
formed with arylboronic acids. This is indeed remarkable as
aryl chlorides are generally not as reactive as aryl bromides or
aryl iodides.

Lipshutz and Ghorai developed a micellar system called PQS to
perform aldol reactions in water [25]. As depicted in Figure 2,
PQS (4a) has an OH moiety that allows for its linkage to the
organocatalyst proline 4b. Also, PQS has a lipophilic compo-
nent that acts as a reaction solvent for hydrophobic dienes. The
latter feature allows aldol reactions to take place efficiently in

water.

The aldol reaction between cyclohexanone and p-nitrobenzalde-
hyde was chosen to verify the performance of this nanoreactor.
PQS-proline and the analogous mixed diester derivative of
4-hydroxyproline were prepared and tested in this process. The

aldol product was achievable only by using the proline com-

pound 4b, therefore different substrates were subsequently
tested using 10 mol % of this catalyst in water at room tempera-
ture. The achievement of this study was not only on the stereo-
selectivity of the catalysts, but also on the substrate selectivity
(Table 4): the preferred substrates are water-insoluble,
suggesting that the reaction is occurring in the lipophilic pocket
and not in water. The authors also demonstrated the ability of
the PQS system to be recycled up to 10 times without loss in its

catalytic activity.

Catalytic micelles were also prepared by O’Reilly et al. when a
novel amphiphilic Sulfur—Carbon—Sulfur (SCS) pincer Pd cata-
lyst together with a PAA (poly(acrylic acid)) based polymer
self-assembled in water [32]. The catalytic activity of the nano-
structures was compared to the results achieved with the
small molecule analogues of the pincer Pd complex, in a
Suzuki-Miyaura coupling. When the reaction of vinyl epoxide
with phenylboronic acid was realized with 2% of pincer cata-
lyst, the rate was 100 times higher for the water-based micellar
system compared to the same reaction in organic solvent with
the unsupported Pd-complex. A 100 times lower amount of

catalyst was also loaded (0.02%), and still the reaction rate
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3a / 3b

NMe,
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P(t-BU)z

10 mol % Cu(OTf),

1.2-2.0 equiv

9

BuO
60% 72 h 80% 39 h
64% 34 h* 82% 28 h*
ook K
BuO
81% 48 h 62% 24 h
91% 28 h* 65% 20 h*

o
FF P

67% 39 h
70% 26 h*

72% 40 h

Q 10 mol %
+
Na,COg3 2 equiv 45 °C

2 wt % TPGS-750-M/H,0

F>[

O&
68% 72 h
70% 38 h*

F3C
73% 32 h

Scheme 2: Suzuki-Miyaura couplings with, or without, ppm Pd. Conditions: Arl 0.5 mmol 3a, ArB(OH); (0.75-1.00 mmol, 1.5-2.0 equiv) 3b, *with
200 ppm of Pd(OAc),. Adapted from reference [70]. Copyright 2016 American Chemical Society.

0O O

0 O

)I\MJ\ 0 s "OPEG-Me

o] s “OPEG-Me OMe
MeO

> / O
MO \ 0l CO,H
_— .
OH 10 (6] NH
4a 4b o

Figure 2: PQS (4a), PQS attached proline catalyst 4b. Adapted from reference [26]. Copyright 2012 American Chemical Society.

achieved was higher than the ones in organic media. This
remarkable kinetic effect was attributed to two factors: 1) the
small particle radius which increased the nanoreactor’s surface
area, and 2) the creation of a more hydrophobic local pocket, as
the catalyst was facing directly the hydrophobic membrane.
Furthermore, the nanosystem also facilitated catalyst recycling

by normal extraction.

2.2. Polymeric vesicles

Polymeric vesicles or polymersomes are synthetic bilayered
hollow architectures that are self-assembled from amphiphilic
block copolymers [73]. The synthetic nature of polymersomes
allows for facile tuning of their properties such as size [13,74],
membrane permeability [75] and stability [76]. Various copoly-
mers have been reported for polymersome formation such as
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Table 4: Representative PQS-proline 4b-catalyzed reactions?:

o}
i -
+
R1J\ H R2
entry product
GH O
1 30
Cl

2 18
3 48
4 36
5 18
6 30
7 36
8 18
9 36
10 24

aThe reactions were performed with aldehyde (0.01 mmol), ketone (0.5 mmol), and catalyst 4b (0.01 mmol) at rt. PCombined yield of isolated dia-
stereomers. °Determined by 'H NMR of the crude product. 9Determined by chiral-phase HPLC analysis for anti-products. Adapted from reference

[26]. Copyright 2012 American Chemical Society.

catalyst 4b (10%)

.
H,0, rt

yield (%)P

88

90

74

80

85

80

82

85

82

90
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RZ RS

anti:syn®

82:18

90:10

86:14

83:17

85:15

90:10

68:32

89:11

84:16

90:10

eed (%)

90

90

92

91

79

97

86

75

86

91
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poly(ethylene glycol)-b-polystyrene (PEG-b-PS) [14,77], poly-
styrene-b-polyisocyanopeptide (PS-5-PIAT)[21,22] and poly(V-
isopropylacrylamide)-b-poly(ethylene oxide) (PNIPAM-b-PEO)

[78]. The term “polymersomes” is derived from liposomes

because of the structural resemblance. Compared to liposomes,

polymersomes are mechanically robust vesicles and therefore
considered to be highly attractive for nanoreactor applications
[24,40]. Polymersomes comprise an aqueous lumen and hydro-
phobic membrane. Such hydrophilic and hydrophobic compart-
ments are capable of accommodating hydrophilic (e.g., en-
zymes) or hydrophobic catalysts (e.g., metal catalysts) in their
lumen or bilayer, respectively [28,79]. In an aqueous environ-
ment the hydrophobic membrane attracts hydrophobic sub-
strates and brings them in proximity to the membrane-bound
catalyst, leading to faster reaction rates. The presence of multi-
compartments in one system is interesting from a catalysis point
of view as multistep cascades using incompatible catalysts can
be achieved in one polymersome nanoreactor [22]. The compo-
sitional versatility of polymersomes thus allows for several ap-
plications in catalysis by encapsulating in or tethering catalysts
to their compartments [33,80]. Polymersomes preserve and
protect catalysts in their compartments improving, most of the
times, catalytic activity and their performance in incompatible
solvents such as water [21,24].

Catalysis in polymersomes: Polymersomes have been most

often used as biocatalytic nanoreactors [22,81-83]. Polymer-

some nanoreactors were also employed in Pickering emulsions

3a

) catalysw
)H,o ( 5

>)

specific activity / U mg™
3

Beilstein J. Org. Chem. 2018, 14, 716-733.

[83]. Pickering emulsions are emulsions stabilized by colloidal
particles that adsorb at the water—oil interface. They are more
stable than classical emulsions and do not require the usage of
small molecule surfactants. This is a big advantage in down-
stream processing and product and catalyst recovery. The en-
zyme Candida antarctica lipase B (CalB) was encapsulated in
the lumen of the polymersomes or in the Pickering emulsion
water droplet. The esterification reaction of 1-hexanol and
hexanoic acid was used to evaluate the catalytic performance of
the CalB-loaded Pickering emulsions. Higher enzymatic activi-
ty was observed when CalB was encapsulated and the best
results were achieved when the enzyme was in the lumen
(Figure 3b), highlighting the advantage of enzyme compartmen-
talization and shielding. The explanation for this improved per-
formance is the enlarged contact area between (hydrophobic)
substrate and (water soluble) enzyme. Moreover, the system
was recycled for at least 9 times without any loss in enzymatic
activity.

Polymersomes have proven to be very useful for the perfor-
mance of multistep catalytic conversions, in particular with en-
zymes [81]. Voit et al. studied the use of cross-linked pH sensi-
tive polymersomes for the conversion of glucose in a tandem
reaction [82]. The hydrophilic block of their polymersomes was
PEG, and the hydrophobic block contained both poly[2-
(diethylamino)ethyl methacrylate] (PDEAEM) which is pH
responsive, and poly[4-(3,4-dimethylmaleimido)butyl meth-
acrylate] (PDMIBM) as cross-linker. The activity of glucose

708

5.7

- |

6 >

CalB+polymersome H,0+CalB CalB in polymersome

Figure 3: 3a) Schematic representation of a Pickering emulsion with the enzyme in the water phase (i), or with the enzyme inside the polymersome
lumen (ii). 3b) Chart of the specific activities of CalB dissolved in the water phase of the polymersome Pickering emulsion (left), CalB in a biphasic
water/toluene system (middle,) and CalB encapsulated in the lumen of the polymersome Pickering emulsion (right). Adapted with permission from

[79].
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oxidase (GOx) to convert glucose into D-glucono-4-lactone and
hydrogen peroxide was the first step of the reaction
(Scheme 3A); subsequently, myoglobin (Myo) employed the
hydrogen peroxide produced to oxidize guaiacol to quinone and
water (Scheme 3B).

When the pH was below 7, the permeability of the cross-linked
membrane allowed for substrate/product diffusion, but at basic
pH the membrane collapsed and prevented any transport of
small molecules. Two different activity tests were performed:
1) GOx and Myo were both entrapped inside the polymersome
lumen; 2) GOx and Myo were individually incorporated into the
polymersomes and mixed together in solution; in both of the
cases the final product formation was monitored by UV—vis
spectroscopy. The control over the pH allowed the regulation of
the enzymatic cascade (no product was observed at pH 8 in both
of the reactive systems), as the diffusion through the membrane
was not possible. Moreover, the crosslinking enabled stabiliza-
tion of the enzymes, which remained active also after 10 days.

Polymersome nanoreactors have also been used to perform
many types of non-enzymatic catalytic reactions, such as the
proline-catalyzed asymmetric aldol reaction of cyclohexanone
and 4-nitrobenzaldehyde [83]. Cross-linked polymersome
nanoreactors were also used to perform asymmetric cyclo-
propanation reactions in water [15]. These products are highly
desired intermediates in the preparation of agrochemicals and
pharmaceuticals [84-86]. To perform cyclopropanation reac-
tions in polymersomes, the membrane was cross-linked with
bisoxazoline (BOX) ligands complexing the copper catalyst.
Cyclopropanation reactions were efficiently performed in water,
resulting in high yields and enantioselectivities, comparable to
those when the reaction was carried out in organic solvent [80]
(Figure 4).

As depicted in Table 5, substrate selectivity was observed when
catalytic polymersomes were used, reasonably ascribed to a
concentration effect, with more hydrophobic substrates leading

to an increased local concentration around the catalyst in the
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Figure 4: Cross-linked polymersomes with Cu(OTf), catalyst.
Reprinted with permission from [15].

hydrophobic membrane and as a consequence a higher reaction

rate.

Dergunov et al. reported on the design of a porous polymeric
nanoreactor with a lipid bilayer for coupling reactions [87].
These nanocapsules were loaded with palladium catalysts and
successfully used in Suzuki, Sonogashira and Heck cross-cou-
pling reactions. Catalytic activity was compared to the activity
of the freshly prepared free catalyst, and the palladium entrap-
ment did not affect either the conversion or the yields of the
reaction [28]. The catalyst immobilization also allowed facile
Pd removal from the final product and catalyst recycling.

Polymeric nanoreactors were also used to perform ring-opening
polymerization (ROP) in water. Nallani et al. reported on the
enzymatic polymerization of lactones using CalB, which was
immobilized in both the polymersome lumen and bi-layer [21].
Nanoreactors for ROP were prepared from polystyrene-polyiso-
cyanopeptide (PS-PIAT) and CalB was incorporated within
either the lumen or polymer membrane (Figure 5).

HO HO
GOx
(0] O
A) 2 HO - + HOw-
OH + 0O, ’ H,0, 2 o)
HO  *on HO .‘"'OH
Myo
B) 2 guiacol + H,0, ’ quinone + H,O

Scheme 3: Cascade reaction with GOx and Myo. Adapted from reference [82].
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Table 5: Asymmetric cyclopropanation reaction of styrene derivatives and ethyl diazoacetate?.

O
(0]
o~ pe e Y
R N water R o

entry R time (min) load® (%) catalyst conversion®d (%) translcisd ee trans® (%)
1 H 120 10 C1 50f 73127 60
2 H 10 10 C1 54 74/26 60
3 H 10 2 C1 12 72/28 60
4 H 10 10 Cc2 39 68/32 84
5 H 10 10 C3 43 59/41 349
6 OMe 10 10 C2 93h 68/32 591
7 o] 10 10 C2 32h 75/25 53
8 tBu 10 10 C2 67h 67/33 71

aReactions carried out in 3.0 mL of Milli-Q water with 5.0 equiv of styrene and 1.0 equiv of ethyl diazoacetate. PCatalyst loading in mol %. cConver-
sion of ethyl diazoacetate into cyclopropane product. 9Determined by "H NMR using triethylene glycol dimethyl ether as an internal standard. eDeter-
mined by chiral GC. fPolymersomes started to precipitate after 15 min. 9Configuration of the product was (1S,2S). Nsolated yields. Determined by

chiral HPLC. Adapted from reference [15].

— Monomer

B

Figure 5: Schematic representation of enzymatic polymerization in polymersomes. (A) CALB in the aqueous compartment (B) CALB embedded in the
bilayer. Reprinted with permission from [21]. Copyright 2007 American Chemical Society.

ROP is usually performed in organic solvent so that hydrolysis
reactions can be avoided [17]. However, when nanoreactors
were used, polymerization proceeded efficiently in water and
without formation of any undesired products, providing a plat-
form for aqueous ROP [21].

As shown in this section, polymersomes have been applied as a
platform towards greener reactions [22,88], either by allowing
reactions to be performed in water [21,83] or by providing a re-
cyclable catalytic system [80]. As they contain both hydro-
phobic and aqueous compartments, they are especially useful
for the immobilization of different catalysts, such as organocat-

alysts and enzymes that require different microenvironments for
their optimal performance.

3. Covalent systems

3.1. Dendrimers

Dendrimers are a class of highly branched molecules with high
degree of symmetry [89]. They consist of different generations
in which every generation is twice the molecular weight of the
previous one. Dendritic architectures comprise three regions: a
core, inner shell and outer shell [90]. The properties of
dendrimers such as hydrophobicity can be tuned by varying

their initial molecular components or the number of genera-
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tions they possess [91,92]. They can assemble in a spherical
shape, and within the three-dimensional structure, an interior

void is present wherein to accommodate other molecules [93].

Catalysis in dendrimers: The controlled synthesis of
dendrimers and their applications as nanoreactors and catalyst
carriers have been extensively studied over the last decades
[94-96]. Fan and co-workers incorporated a bis(oxazoline)-
copper(Il) complex in the hydrophobic core of a polyether
dendrimer [11]. The copper catalytic complex was used to carry
out asymmetric Mukaiyama aldol reactions. Although this
system did not result in any substantial improvements in yields
or enantioselectivities, it allowed for facile catalyst recovery

and recycling.

Dendrimers were also used to encapsulate bimetallic catalysts to
attain highly selective reactions [95,97]. The first successful
attempt was reported by Chung and Rhee, in which they
showed the encapsulation of a bimetallic Pt—Pd catalyst in a

Na0;S

NaO,s Wi 5
N~ N

SO,N.

NaO,S aia

Figure 6: Representation of DSN-Gg. Reprinted with permission from [100].
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highly branched PMAM-OH dendrimer corona [93]. These cat-
alytic dendrimers were employed in partial hydrogenation of
1,3-cyclooctadiene into cyclooctene. The utility of these
dendrimers in hydrogenation reactions resulted in efficient reac-
tions that proceeded with unprecedented selectivity of 99%.
Moreover, this system is one of the first of bimetallic catalytic
systems to be used for hydrogenation reactions in water.

Water soluble dendrimer-stabilized nanoparticles (DSN) have
been shown to be highly efficient in the catalysis of olefin
hydrogenation and in Suzuki coupling reactions [98,99].
Ornelas et al. entrapped a palladium catalyst with dendrimers
containing triazole groups (DSN) (Figure 6) [100].

The aim here was to provide a platform to perform hydrogena-
tion in water. By using only 0.01% of palladium at room tem-
perature, the hydrogenation of allyl alcohol was realized [101].
DSNs were recycled for up to 10 times without loss in activity.
DSN nanoreactors were later shown to be utilized for catalysing

N s0,Na

NaO3$

N N \_(N-N SO;Na
N TsoNa Ly erN
by N Nso,Na

s{‘:-J N=N
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Suzuki coupling reactions between PhB(OH), and PhX (X =1
or Br) in water [100].

Other examples of water-soluble dendrimers are peptide- and
glycol-based dendrimers [102,103]. As a result of their compo-
sitional versatility, they have been reported in many applica-
tions for biomedical engineering (e.g., glycopeptide dendrimers
for drug delivery [104]).

The ability of peptide dendrimers to perform catalysis in an
aqueous environment has also been investigated [105]. Many
different libraries of peptide dendrimers have been used for
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biocatalytic applications, such as hydrolysis and aldolase reac-

tions [105-108], showing their potential in green catalysis.

Peptide dendrimers including aspartate, histidine and serine
were utilized by Reymond et al. as catalytic esterase triad.
Using fluorogenic 8-acyloxypyrene-1,3,6-trisulfonates as sub-
strate (Figure 7) at the pH optimum of 5.5, triads’ activity was
successfully demonstrated [107].

A noticeable rate enhancement was observed, related to a large
apparent reactivity increase per catalytic site. Such an enhanced
activity could be explained by the relatively high hydrophobic

o H
HN N AN
N \
N= N o NH
NH
x_NH N
HN H (6] HO\ NH H /\\ S:O o HN
""" OH Y& (0]
N\)k ., %o HO HN / /
o © i N "INH J o ¥ N
~ - §
OH D SN I 7N
o NH HN\/—/ “, NH H e} HNJ
é 0 NH{
N" ] HN o (o)
HO
\_NH gto
7" 0 OH H o HN ~OH
N = HO NH N \N N7 NH
0 . z { \ _
oy NN N BN S HN—" N )_/
N NA )N o S
0
0 % o °° OHHO= ™ —NH HN_O  HO 0
>N NH on HN§NH HN™ 9 j’"’/NY\N
HN "wl A J o \ e} HN O H NH
. " OH —
g/&OOH o " oﬁ ey
HN__O _N
NH . o . HN
0
= TN N\/(O N N 0=
=N /““Q?o
HO
HoN
5
NaO3S SOzNa NaO3S SO;3Na

2.5 mol % dendrimer

O o} aqpH5.5
NaO;S 0~ g

6a (R = CHj3)

6b (R = C3H7)

6¢c (R =CgH17)

NaO3S OH

Figure 7: The multivalent esterase dendrimer 5 catalyzes the hydrolysis of 8-acyloxypyrene 1,3,6-trisulfonates 6a—c. Reprinted with permission from

[105].
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binding of the acyl group and the presence of histidine side
chains that act as catalytic groups and as electrostatic substrate

binding sites in their basic and acidic forms, respectively.

3.2. Nanogels

Nanogels are hydrophilic polymer networks which can swell in
the presence of water [109]. They can be crosslinked by either
chemical bonds or physical methods, such as non-covalent
interactions, entanglements and crystalline domains. The
nanogels display excellent swelling behavior and are shape
resistant [43,110]. Due to these unique properties they have
mostly been studied as materials in biomedical applications
such as controlled drug delivery [111]. Nanogels show promise
as nanoreactors as they not only are colloidal stable particle in
water but also can be prepared form a wide range of compo-
nents and in many different sizes and shapes. They have been
used for the templated synthesis of metal nanoparticles, via
which the shape and size of the nanogel directed the formation
of the corresponding particle with similar morphology [56,112].
The metal nanoparticle core is covered by polymeric brushes,
the length and the grafting are important factors which can
affect the reaction, as discussed in the following paragraph, and
the easy manufacturing of metal nanoparticles makes the prepa-
ration of these core-brushes nanosystems suitable for many ap-
plications [113-115].

Catalysis in nanogels: Nanogels have intrinsic properties that
make them well suited for green chemistry [116,117]. Water-
compatible gels are usually based on poly(N-isopropylacryl-
amide) (PNIPAM), poly(N-vinylcaprolactam) (PVCL) or other
water-soluble polymers [109]. For instance, PNIPAM is a
thermo-responsive polymer, which has a lower critical solution
temperature (LCST) of 32 °C. Above the LCST, individual
polymer chains switch from a swollen coil configuration to a
collapsed globular one, providing a nano-environment that is
suitable for either hydrophobic or hydrophilic substrates [112].
Water forces PNIPAM brushes to become hydrophobic, acting
as a suitable environment for most organic reactions [118]; it
allows hydrophobic substrates to diffuse towards the encapsu-
lated catalysts, leading to a concentration effect that directly
contributes to an efficient aqueous reaction [119].

The preparation of catalytic nanocomposite hydrogels has been
widely reviewed [56,114]. Several examples showing their
utility as nanoreactors for various reactions such as coupling,
oxidation and reduction reactions have been reported
[43,114,118]. Wei et al. described a nanogel composed of
poly(N-isopropylacrylamide) brushes grafted on Pd-NPs
(Pd@PNIPAM) to carry out coupling reactions in water under
mild conditions [120]. They showed highly efficient coupling of
several hydrophobic aryl halides with phenylboronic acid,
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which in all cases resulted in yields above 70%. Moreover, the
Pd@PNIPAM nanoreactors could be easily recycled thanks to
the reversible phase-transition of the polymeric brushes [112].

Que et al. reported the synthesis of gold nanoparticles (Au NPs)
sheltered in PEG-PS nanogels for the reduction of 4-nitro-
phenol (4NP) [121]. Thiol functionalized PEG blocks were
immobilized on Au NPs. PS segments improved the stability of
the system and provided the necessary hydrophobic environ-
ment that is required to undertake the reduction reaction in
water. The outcome of using Au@PEG-PS as nanoreactors was
compared to those resulting from using both uncoated and PEG-
coated Au NPs. While Au@PEG-PS resulted in quantitative
conversions for 5 subsequent cycles, both uncoated and PEGys
coated Au NPs resulted in full and 61% conversions only for
the first cycle, respectively. Recycling of uncoated and PEGys
coated Au NPs was not possible, highlighting the significance
of the nanoreactor design (Figure 8).

110
100 4
90 4
804
70
604
50 4
404
304
204
104

0
-10 T

—a— Au@Citrate
*— Au@PEGy3

—a— Au@PEG45-b-PSgs

Conversion (%)

Cycles

Figure 8: Conversion of 4-NP in five successive cycles of reduction,
catalyzed by Au@citrate, AU@PEG and Au@PEG,5-b-PSgs.
Reprinted with permission from [121]. Copyright 2015 American Chem-
ical Society.

Superior catalytic activity of Au@PEG-b-PS was observed in
the reduction reaction of 4-nitrophenol to 4-aminophenol. The
catalytic activity increased with the decrease in the chain length
of the PS block. In addition, the high stability imparted by the
PS layer endowed Au@PEG-b-PS with good reusability in ca-
talysis without the loss of catalytic activity, and prevented from
electrolyte-induced aggregation, making the system very attrac-
tive as nanoreactor.

Following on the previous work, He et al. synthesized cross-
linked nanogels that were based on poly(acrylamide-co-acryl
acid) (poly(AAm-co-AAc)) [117]. These nanogels were trans-

formed into their catalytic counterparts by growing silver nano-
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particles (Ag NPs) inside the cross-linked polymeric network.
These catalytic nanogels were also used to catalyse the reduc-
tion of 4-nitrophenol to 4-aminophenol in water. The activity of
these nanoreactors was tuned by varying the Ag NPs loading
and the cross-linking density; higher activities were achieved by
increasing the amount of Ag NPs loaded and decreasing the
degree of polymer cross-linking. Such conditions facilitated the
diffusion of water and substrates through the hydrogels and in-
creased the probability of the reactant to be in contact with the
catalyst (Ag NPs).

Conclusion

In this review we have discussed the utility of supramolecular
polymersomes, micelles, dendrimers and nanogels in catalysis.
Over the past decades, many groups have demonstrated the spe-
cific features which make these nanoreactors an advantageous
choice for chemical synthesis. In particular, they combine a
high active surface area with a good dispersion in solution and
therefore are ideal structures for facile diffusion of reactants.
Furthermore, the compartments protect the catalyst from unde-
sired interactions with the environment, which can be either the
solvent, specifically water, or other catalytic species. As a result
they allow reactions to proceed in water and often at room tem-
perature, with excellent yields and selectivities, which tradition-
ally can only be achieved by performing catalysed reactions in
organic media. Moreover, although they are homogenously
dispersed in the solvent, the nanoreactors are still large enough
to be separated from the reaction mixture using standard filtra-
tion protocols. Therefore, they enable a facile purification and
catalyst reuse.

This latter feature has potentially both an economic and envi-
ronmental impact, deriving from a lower consumption of
organic solvents, as lowering the E-factor in a process is a must
for the modern chemical industry. Despite these many advan-
tages, nanoreactors have not yet found widespread use in
industry. A number of reasons can account for this. First of all,
the construction of the nanoreactors is not always a cost-effi-
cient process. Scalability and reproducibility in nanoreactor pro-
duction also are key factors that have to be addressed. The re-
cyclability and cost price should be improved to allow competi-
tion with existing heterogeneous and homogeneous processes.
Furthermore, in most cases only model reactions have been
studied. The improvement of a process that is highly relevant
for industry would aid in a further acceptance of this technolo-
gy by the end users. Another issue is that the specific character-
istics of nanoreactors should be employed more effectively.
Physical protection and separation of catalytic species will
allow the performance of multistep conversions in one-pot reac-
tors. This would then enable continuous flow processing, as

intermediate work-up steps and solvent switching procedures
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can be prevented. Although this requires still much develop-
ment, it is to be expected that in the near future nanoreactors

will be key to a more sustainable production of fine chemicals.
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