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Introduction and scope

Chirality plays a major role in chemistry. The physicochemical
and biological properties of enantiomeric compounds can signifi-
cantly differ, for instance due to stereospecific interactions with
enzymes and receptors in biological systems. Enantiomers of
chiral drugs can present differences in pharmacological activity
and accordingly in toxicity. In this regard, new therapeutic
formulations, driven by both regulatory and therapeutic motiva-
tions, are moving towards the use of enantiopure ingredients.
Indeed, the chiral drug industry constitutes approximately
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one-third of all drug sales worldwide. It is expected that nearly
95% of the pharmaceutical drugs would be chiral by 2020.%
Enantiopure chiral compounds are also gaining importance in
agrochemicals, such as fungicides, herbicides, and insecticides.’
Improvements in performance and the elimination or reduction
of harmful effects can be achieved by switching from racemic
pesticides to single enantiomers.””® Among the different
methodologies for the preparation of enantiopure chiral com-
pounds, asymmetric catalysis can be envisioned as an ideal
methodology where a small amount of a well-designed chiral
catalyst is able to transform achiral substrates into enriched
chiral compounds stereoselectively in a large quantity.”® Since
the early days of this field thousands of chiral ligands and their
transition metal complexes have been developed and many of
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them have been proved to be highly effective in the asymmetric
formation of C-H, C-C, C-O, and C-N bonds.® The award,
in 2001, of the Nobel Prize in Chemistry to W. S. Knowles,®
R. Noyori,'" and K. B. Sharpless'* recognised the impact of this
field on modern chemistry. Furthermore, in the last few years,
organocatalytic asymmetric methods have blossomed as an
alternative way to produce enriched chiral molecules.™ >

Since the early developments in homogeneous asymmetric
catalysts, their immobilisation onto inorganic or organic supports
has been targeted.'®'” The supported versions of reagents and
catalysts present, ideally, several distinct advantages in terms of
their practical use, relative to their homogeneous analogues.'®"
In particular, we should mention the facilitation of the work
up, with the possibility of easy separation and recovery of the
supported systems from the reaction mixture and the concomitant
facilitation of recycling. These advantages are even more
pronounced when enantioselective reagents and catalysts are
considered. For those cases, the possibility of recovering and
reusing the chiral component, which is generally the most
expensive component of the system, can be a critical factor
for assessing their practical utility.

A large number of efforts have been devoted in recent
years to the heterogenisation of systems that have been proved
useful in solution in particular as enantioselective reagents
and catalysts.’”>* However, in spite of the well-stabilised
advantages of a supported catalyst combining the best of both
homogeneous and heterogeneous worlds, after 40 years of research
and development enough examples of large scale processes using
chiral supported catalysts are still lacking.

Usually, the immobilisation is carried out on commercially
available polymeric supports, which are not optimised for
immobilisation, thus leading sometimes to deceiving catalytic
performances. It is often reported that results obtained with the
supported systems, even successfully enabling the separation
and recovery of the catalysts, are quite different from those
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expected from solution studies, and can suffer from lower
activities and selectivities. Moreover, it is generally concluded,
not necessarily a correct idea, that ‘“the best homogeneous
catalyst will remain the best upon immobilization”’, assuming
that the polymeric matrix can have either no effect, in the best
case, or a negative one, leading to less efficient catalysts upon
immobilisation.

Hence, when analysing data from the literature, many authors
conform to the idea that enantioselective supported reagents and
catalysts are usually less efficient than the homogeneous ones in
terms of the three critical catalytic parameters: activity, stability
and selectivity, in particular enantioselectivity.>*

Fortunately, this is not always true. Many results clearly reveal
how the presence of the matrix can be used advantageously to
increase the efficiency of the supported species over that of the
related homogeneous ones.

The present critical review intends to highlight significant
recent examples of how the matrix can really contribute to
improve the global efficiency of chiral immobilized catalysts.
The period from 2000 to 2017 has been mainly covered, although
some selected older references have also been included when
their relevance to a given aspect made it appropriate. This work
does not intend to cover exhaustively the literature in this field
for the above mentioned period but to present examples able to
illustrate the main concepts discussed here. The challenge is
not anymore the immobilisation of catalysts to facilitate their
recovery and reuse, but the development of methodologies and
new advanced materials to enhance their catalytic properties as
to surpass those of the soluble counterparts. These effects will be
analysed taking into account the above mentioned three main
factors: activity, stability and selectivity. For the sake of clarity
and to provide well identified elements of comparison, this
review will be focused on the use of organic polymeric matrices
as supports. The use of silica and other inorganic materials as
supports for the asymmetric catalysts is out of the scope of this
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work and will only be mentioned as illustration in a few cases.
Some reviews dealing with the effect of the inorganic support
on the efficiency of immobilised asymmetric catalysts can be
also found in the literature.”>® Some examples of non-chiral
systems or from supported reagents (stoichiometric instead of
catalytic systems) will also be presented, when appropriate,
to highlight the effects of the support.

A very particular case regarding the influence of the polymer
matrix on the efficiency of the catalyst is given by the immobilisa-
tion of the catalyst onto chiral polymer supports.”>*° Although
examples of such systems are still limited, attempts at using the
chirality of the polymer matrix to exert control over catalytic
efficiency, in particular over enantioselectivity, are gaining great
success. Immobilised catalysts containing either chiral catalytic
pendant units®® or achiral ones have been developed.**** In the
latter class, the asymmetric induction solely relies on the chirality
of the polymer matrix, in particular through the adoption
of helical structures. Although these new types of catalysts
supported on chiral polymer matrices are undergoing very
rapid development in recent years, they are not discussed in
depth in this review article as they lie out of its main scope.

The polymer matrix as a design vector

In the initial steps of the work with polymers as supports, it is
sometimes assumed that the polymer, if appropriately selected,
would play no other role than that of an inert matrix supporting
the active sites and facilitating their simple isolation and reuse.
This is a naive and wishful thinking and in most of the cases
distinct polymer effects can be detected.**” This is even true
when the nature of the support is carefully chosen as to avoid
the presence of any other interfering functional group or when
the active site is separated from the matrix through a long
spacer. Clearly, the support determines, to a good extent, not
only the diffusion of the reagents and products to and from the
active sites but also the actual conditions and microenviron-
ment of the reaction taking place. Therefore, the selection of
the nature of the polymeric support and how the catalyst is
immobilised are key factors for developing efficient polymeric
supported asymmetric catalysts.

At least four elements should be considered when designing
an immobilized catalyst: (i) the nature of the attachment of the
catalytic sites to the support, (ii) the nature and length of the
spacer between the catalytic sites and the polymeric network,
(iii) the density of catalytic sites and their location along the
polymeric network and (iv) the physicochemical nature of the
polymeric backbone. Thus, the methodology employed for
the preparation of an immobilised catalyst defines, to a great
extent, its resulting properties and potential applications. In
this regard, the challenge is to develop methodologies where
both ligand and polymeric matrix are specifically designed
to obtain a given supported catalyst. Accordingly, through
the optimisation of the ligand and support, the same matrix
effects leading to negative effects after immobilization of a
good homogeneous catalyst might be able to improve those
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obtained with a less optimal one. Some results based on
systematic studies clearly reflect how the presence of a well-
designed support can be advantageous to increase the efficiency,
especially in terms of activity and selectivity, of the supported
species relative to that of the homogeneous ones.

There are a wide range of classical and new methodologies
to develop chiral polymer-supported catalytic systems and this
section briefly summarises these approaches. Different strategies
have been evaluated for immobilisation: (i) covalent bonding,
(ii) ion-pair formation, (iii) encapsulation or (iv) entrapment.>**°
Without any doubt, covalent binding is by far the most frequently
used strategy, significantly limiting the potential leaching of
catalytically active components. Two main possibilities exist for
carrying out this approach. The first one relies on the chemical
modification of preformed polymeric supports. Alternatively,
the polymerization of functional monomers with the desired
functionality, by themselves or in the presence of additional
monomers, has also been exploited.

Among the different types of polymeric supports, a clear
differentiation can be established regarding their solubility
in the reaction medium. Both soluble and insoluble polymeric
materials have been investigated as supports. Linear soluble
polymers have been early envisioned as suitable media for
catalyst immobilisation.*"*> They can significantly limit the
diffusional problems found in crosslinked systems. However,
their recovery and recycling is not so straightforward, requiring
tuneable solubility properties.*>™**> With the advances made in
macromolecular chemistry in recent years, it is now possible to
design and synthesize complex soluble polymers with new
architectures and well-defined catalyst location and loading
along the polymeric chain. Besides, the control of the polymer
structure allows not only the immobilisation of the catalyst but
also mimicking of the form and function of Nature’s nano-
structures using, for instance, amphiphilic block copolymers
that spontaneously self-assemble in selective solvents into
specific assemblies.*®

Dendrimers have emerged as alternative soluble supports
for the immobilisation of different types of catalytic units filling
the gap between homogeneous and heterogeneous systems.*”
They are highly branched macromolecules with the larger ones
having precisely defined globular structures. It is possible to
control the incorporation of the catalytic sites within the
dendrimer either at the core, at the periphery, or at intermediate
positions.*® The different locations can be used to define and
tune their catalytic performance. Dendrimer recovery can be
achieved by precipitation from solution or, if large enough,
using membrane filters.*’

Polystyrene and styrene/divinylbenzene (PS-DVB) copolymers
(Merrifield type resins) are by far the most common insoluble
polymeric supports exploited for the preparation of immobilised
catalysts.’®>" This type of supports, especially the ones with a
low crosslinking degree (1-2% DVD gel-type) initially developed
for solid-phase peptide synthesis,”® have been widely used
as functionalized polymers because of their stability and com-
patibility with a wide range of reaction conditions, their good
swelling properties or their reasonably high loading capacity

This journal is © The Royal Society of Chemistry 2018
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(>1 mmolg™"), providing access to a large number of post-
functionalization processes.”® The swelling or solvation, the
effective pore size, the surface area and the chemical and
mechanical stability of the polymer are important factors that
control the diffusion of reagents and substrates into the active
sites. The degree of crosslinking of the resin, the functional
fragments introduced and the conditions employed during the
preparation of the polymers allow fine-tuning of these proper-
ties. Therefore, along with the originally used microporous or
gel-type resins, a variety of macroporous/macroreticular resins
have also been developed to improve the performance of these
polymers as catalyst supports. They can be produced, for
example, by phase separation, emulsion polymerization, or by
templating methods.>**® In the same way, in addition to the
classical PS-DVB polymeric networks of Merrifield resins, other
organic polymers like polyvinyls, polyacrylates, cellulose or
PS-DVB copolymerised with other polar monomers or modified
with hydrophilic flexible units such as polyglycol chains acting
as crosslinking units or linkers have been developed and tested
as alternative polymeric supports.>®~®°

In the last decade, a whole new range of different porous
networks, including crystalline and amorphous structures,
have blossomed as suitable alternatives to traditional organic
polymers.® In some instances, they can combine high surface
areas, good physicochemical stability and an increasing degree
of functional modularity.

Among these materials based on an organic skeleton, the
design and synthesis of chiral Metal-Organic Frameworks (MOF)
or self-supported systems offer a new strategy for the generation of
robust immobilized asymmetric catalysts combining supramole-
cular chemistry, coordination chemistry and catalysis concepts.
These systems are obtained in a straightforward way through the
coordination of a polytopic ligand and metal species leading to
the self-assembly of the metal-ligand components to generate an
extended organometallic/coordination network.

Porous Organic Polymers (POPs) with high permanent
porosity, high accessible specific surface areas and very robust
chemical properties have been developed by using extensive
crosslinked covalent bonds between organic building blocks.
Conceptually, the component organic fragments in POPs are
connected in a similar way as in MOFs but using strong
covalent bonds with the linkers acting as connectors, instead
of the relatively weak coordinative bonds to metal ions and
clusters present in MOFs.®>"** They can be obtained by a variety
of synthetic routes offering new types of functionalised poly-
meric networks. Their topology and porosity can be tailored by
varying the connectivity, size, and geometry of the building
blocks by a bottom-up approach leading ideally to a perfect control
of the size and shape of the catalytic environment formed inside
the cavities of the material or on the surface of the solid, enhan-
cing the control of the reaction.®®® Within this category of
supports (POPs) it is possible to consider Hyper-Cross-linked
Polymers (HCPs), which are obtained by post-crosslinking of
polystyrene-type precursors in their swollen state (Davankov’s
hypercrosslinked polystyrene polymers) or from the condensation
of small building blocks (Webster’s poly(arylcarbinol) networks).*®

This journal is © The Royal Society of Chemistry 2018
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They present a very rigid non-collapsible polymeric matrix with
small pore sizes and high surface areas, and micropore volumes.®”
Alternatively, different synthetic strategies have been developed to
bring together numerous organic building blocks directly or with
the aid of suitable linkers onto predesigned skeletons of porous
networks. Depending on the nature of the synthetic motifs and
methodologies, these systems can be defined as Covalent Organic
Frameworks (COFs),°*®® or Polymer Organic Frameworks
(POFs),”>”" which can be Conjugated Microporous Polymers
(CMPs),”>”® Polymers with Intrinsic Microporosity (PIMs),”* or
Porous Polymeric Aromatic Frameworks.”>

Evaluating the matrix effect

Different factors should be considered to rationalize the effect of
the polymeric matrix on the efficiency of immobilised catalysts
leading to enhanced turnover numbers and frequencies, stability,
and selectivity. The first one is related to the modifications
needed, on the catalytic structure, to provide a way for the
efficient immobilization onto the polymeric matrix. It is well
known that for stoichiometric or catalytic enantioselective trans-
formations, even minor structural modifications in the chiral
system can have important effects on the results obtained.”®””

The second factor is related to the effect of the polymeric
matrix itself. In order to detect and understand experimental
results directly connected with the nature of the matrix, a very
systematic approach is required. This involves the preparation
of the appropriate homogeneous counterpart having exactly the
same structural features as the supported one, including the
presence of the additional groups required for anchoring, and
carrying out the corresponding reaction strictly under the
same experimental conditions with both the homogeneous
and the heterogeneous system. For instance, Larionov et al.
have recently reported the immobilization of a chiral-at-metal
iridium Lewis acid catalyst (1) on polystyrene macro beads
using different linkers (2, 3) for the attachment (Fig. 1).”®* When
the resulting immobilised Ir-chiral complexes were tested as
catalysts for the Friedel-Crafts alkylation of indole (6) with the
a,B-unsaturated 2-acyl imidazole 7, the supported catalysts
(2-3) provided, in comparison to the homogeneous original
catalyst (1), higher enantioselectivities (97% ee vs. 93% ee) while
featuring lower catalytic activities. However, when the results
were evaluated in comparison with their structural homo-
geneous homologues (4, 5), the activity and enantioselectivity
were comparable and the results could be correlated with the
structural modification required for the immobilisation. Many
times, this is not taken into account and claims about the
preparation of supported reagents or catalysts performing
differently than the homogeneous ones need to be considered
with caution and do not provide any hint towards the under-
standing of the effects of the matrix and for the design of new
supported systems in which the polymeric backbone contributes
to improve their efficiency.

A good understanding of the mechanistic role of the catalyst,
i.e. the presence of monometallic vs. multi-metallic species in

Chem. Soc. Rev., 2018, 47, 2722-2771 | 2725
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Fig. 1 Effect of structural modification and immobilization on the per-
formance of chiral-at-metal iridium catalysts.

the transition state and how this affects the reaction efficiency,
should be also taken into account to design the adequate
immobilisation protocol either favouring the site isolation or
the possible interaction between catalytic sites. Besides, to
properly assess recyclability, stability and the mechanisms of
deactivation, kinetic data should be provided in each cycle
(i.e. initial rates or TOF at low conversion degrees).t

For the correct evaluation of the efficiency of a supported
enantioselective catalyst, three different aspects need to be
addressed: (i) activity, i.e. the effect of immobilization on the
rate of the reaction under study; (ii) stability, i.e. the analysis of
how much actually the heterogenisation process contributes to
stabilize the reagent/catalyst and to increase the possibilities
of reusing and recycling the reagents and/or catalysts, by
performing systematic studies of the stability and deactivation
of catalysts; and (iii) selectivity, and in particular, in the present
context, enantioselectivity. Energy differences between the tran-
sition states leading to the formation of either one or the other
enantiomer, with the help of a chiral reagent or catalyst, are
usually small and, accordingly, they can be very much affected by
the microenvironment.

Activity

The catalyst immobilisation is usually carried out on commer-
cially available polymeric supports, which are not optimised for
immobilisation (Fig. 2). As a result, often the reactions taking
place with the participation of polymer-supported species are
reported to be slower than those using the homogeneous

+ TOF from literature data or calculated from data reported as: (mol of substrate/
mol catalyst) x (yield (%)/100) x (1/time (h)).
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Fig. 2 Examples of polymeric supports commonly used for immobiliza-
tion of chiral catalysts.

analogues and require much longer reaction times. In many
cases, the morphology of the polymer network is one of the
main factors determining the accessibility of the active catalytic
sites and, accordingly, the activity of the corresponding
supported systems.”®

Gel-type polymeric supports

Most examples of insoluble polymeric reagents and catalysts
are related to the use of gel-type PS-DVB resins commercially
available in the form of beads. Those gel-type resins do not
have any permanent porosity and need to be swollen in an
appropriate solvent in order to make accessible the functional
sites inside the bead.*® On the other hand, some crosslinking
degree is necessary to obtain insoluble materials with the
appropriate morphologies. In the case of polystyrene resins
(PS), which are the most standard materials in this field, 1-4%
of divinylbenzene (DVB, a commercial mixture of different
isomers) is generally used as the crosslinking agent. Swelling
is always less effective at the crosslinked regions of the polymer
and accordingly functional sites located at those positions
become less accessible.®"

Accordingly, an increase in crosslinking for this type of
polymers is usually accompanied by a lower swelling and by a
decrease in the accessibility of the functional sites.®” This is
always reflected in slower reaction rates. Thus, when working
with this kind of materials, it is important to keep in mind that
the activity of a given supported species will be very much
dependent on the solvent used and the crosslinking degree of
the polymer.®*~® This has been studied in detail in the case of
different families of functional, catalytic resins.?*™*®

The use of spacers. Different approaches have been evaluated
in order to overcome the above difficulties.® Since the pioneering
work of Soai and coworkers, spacers have been used to attach
the ligand to the polymer by a point remote from the active site
(tail-tie),”>®" hoping that the catalyst will be able to mimic
a solution-like behaviour reducing any possible ‘“polymeric
(negative) effect”.

In this regard, the introduction of long aliphatic or ether spacers
favouring compatibility with a wide range of solvents®*6%9%93
or the substitution of DVB by more flexible crosslinkers has
been widely explored.?* Thus, Montanari and coworkers found
that the use of long aliphatic spacers (up to 10 methylene units)

This journal is © The Royal Society of Chemistry 2018
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and low crosslinking degrees (1%) increased the corresponding
activities 2-4 times in polymer-supported phase transfer cata-
lysts. This classical effect was based on the higher flexibility of
the functional chain and the increase in the lipophilicity of the
polymer facilitating its swelling.®*™*®

Dyer et al. also illustrated nicely those concepts in the case
of Ti-diol complexes supported using spacer-modified gel-type
resins (Fig. 3).°” In this work, functional resins 9 were used as
catalysts for the Diels-Alder reaction between cyclopentadiene
(10) and methyl acrylate (11). The catalyst 9¢ with the larger
spacer (-(CH,)o—-) was the most active one, suggesting that the
use of a long spacer improves the accessibility to the Lewis acid
sites. Rather surprisingly, introducing a modified spacer unit
(13, X = —(CH,)s-CsH4—CH,) led to markedly slower catalysts.
This was associated with the poor swelling behaviour of those
polymers. No improvement in activity relative to the homogeneous
system was reported in this case, although the homogeneous
counterpart selected presented some structural differences with
the polymer-bound system. Similar trends were found in the case
of 2% crosslinked polymer-bound lithium dialkylamides 14.%®

The introduction of spacer chains between the polymeric
backbone and the lithium dialkylamide fragment enhanced
the yields observed for the crossed aldol reaction of various
carbonyl compounds with aldehydes. An increase in the size
of the spacer seems to have a favourable effect up to n = 5. For
n > 5, no further improvement was observed. Given the
complex nature of many lithium derivatives, it is reasonable
to assume that the small increases in activity found in some
instances, relative to LDA, for polymer-bound dialkylamides 14,
can be associated with the same phenomenon.’® Nevertheless,
data given need to be used with some caution as no kinetic data
were provided, with just yields of isolated compounds given as
proof of activity.

a)

@ u Cat. (2 mol%)
+ — "/
COH  cH,Cl, R4
R

10 1
12a: R = CO;Me, R' = H
b: R=H,R'=CO,H

n 9: X = (CH,),
a(n=1,TOF:3.75h™),
b (n =4, TOF: 3.81 h™"),
c(n=9, TOF: 456 h™)
13: X = (CH,)sCsH4CH,

b) (n=1, TOF: 3.19 h'")
o)
)H 14 R3CHO (16) Q OH
15 Re 17 R,
R1 = 2,6-di-tert-butyl-4-methylphenyl
>—N—(CH2)nc6H4—O Ry = CHa-
U R; = Ph-
14:n=1-7

14a (n = 1, 25% yield, syn/anti : 7:93)
14b (n =5, 92% yield, syn/anti : 3:97)

Fig. 3 Examples of supported catalysts where the length and nature of
the linker enable modification of the activity.
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Toy and coworkers have also demonstrated a direct relationship
between catalytic efficiency, crosslinker nature, catalyst loading
and swelling in the aza-Baylis-Hillman reactions catalysed by
JandaJel-PPh;.%>** Similar effects were observed in the work of
Pedrosa, Andres and coworkers with a series of chiral ureas and
thioureas immobilized on PS-DVB resins by either grafting and
copolymerisation methodologies and studied for the aza-Henry
reaction between N-Boc-benzaldimine (18) and nitromethane
(19) under solvent free conditions (Fig. 4)."°"'* Their results
suggested that the linker connecting the catalytic moieties with
the polymer framework led to marginal effects on enantioselec-
tivity while the effects on activity were more relevant.

Thus, for the systems prepared by grafting using sulfonamide
groups for the attachment, up to a 12 times enhancement in
activity was observed with the length of the spacer (3.17 h™" for
21b with six methylene units vs. 0.257 h™' for 21a with two
methylene units). In good agreement with previous reports in

Cat. NHBoc
PhANBoc + CH3NO, Ph/?\/ NO,
18 19 Solvent Free 20

Ts
Ss_NH T/\@/;T
e

CF3

CF,4
22, 56 h'', er.96:4

21a,n =0, 10% mol, 0.257 h™', e.r.93:7
21b, n =4, 10% mol, 3.170 h™', er. 98:2
5% mol, 3.720 h™', e.r. 98:2

AN
[L\j/
T/\éa, ',/NH

T A

X HN™ =S

z y
N Ph /@\
/
X_é FaC CFs

23a,n=1,5% mol, 3.3h", er.93:7
23b, n=5,5% mol, 6.3 h™', e.r. 96:4

F3C CF3

24a,n=1, f=0.30 mmol g”', x/y/z = 1:20:0.4, 5% mol, 1.675 h™!, e.r. 92:8
24b, n=1, f=0.33 mmol g x/y/z = 1:10:0.2, 5% mol, 9.80 h™', e.r.91:9
24c,n=5,f=0.41 mmol g xly/z=1:10:0.2, 5% mol, 9.40 h™', e.r.94:6
24d,n=5, f=0.34 mmol g x/y/z=1:5:0.1, 5% mol, 9.50 h™', e.r.94:6

Fig. 4 Activity of some supported thioureas for the aza-Henry reaction
between N-Boc-benzaldimine (18) and nitromethane.
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this field presented above, the longer spacers locating the
active sites away from the polymeric backbone provide more
“solution-like”” and active systems by improving the accessibility
to the functional sites inside the bead. However, the extent of
this effect is not enough to surpass the activity found for the
homogeneous counterpart (5.6 h™" for 22). A different situation
was found for the catalysts obtained by a bottom-up synthesis
of chiral bifunctional thioureas by copolymerization of styrene,
4-vinyl benzylamine derivatives and divinylbenzene as the
crosslinker. Some of these systems (24a-b) showed an enhance-
ment of the catalytic activity of 2.9-1.5 times in comparison
with the homogeneous counterpart (23a-b). Noteworthily, in
this case the role of the spacer had a minimal effect. These
results highlight the importance of the methodology used in
the preparation of the catalysts (grafting vs. polymerisation).
When immobilisation takes place by polymerisation in the
presence of the corresponding chiral monomers a more uniform
and accessible distribution of the chiral catalytic sites within
the polymeric network can be achieved. Hence, a bottom-up
methodology usually provides better accessibility of the catalytic
sites, minimizing the role played by the spacer. It must be noted
that using a different attachment group in the linker (-CH,—
instead of -SO,-) led to some changes in the activity, high-
lighting once again the importance of selecting the appropriate
homogeneous counterpart in order to evaluate the performance
of the immobilised catalysts.

The exact origin of the positive effects of the matrix on the
rates is not so well defined in other cases. In general, they can
be ascribed to the local microenvironment of the active site
and this includes effects such as the hydrophobic/hydrophilic
balance, the conformational flexibility of the functional sites or
the interaction with functional groups or fragments present in
the polymeric network. In many senses, the heterogenisation
process can affect the rates (and likely the whole reactivity)
very much in the same way a change in the solvent does.*® In
this context, Pericas and coworkers have recently reported the
immobilization of a modified version of the triflate ammonium
salt of the chiral vicinal diamine 25 and its use as catalyst for
the Robinson annulation reaction.'* The substitution of one of
the ethyl groups on the tertiary amine by a hydroxyethyl group
allowed both the preparation of the polymer supported system
(27) via the nucleophilic substitution of the chlorine atoms of a
commercially available microporous Merrifield resin and the
synthesis of the homogeneous counterpart 26 by reaction with
benzyl bromide (Fig. 5). Important effects on activity were
observed for the reaction between the commercially available
diketone (28) and methyl vinyl ketone (29) in 2-MeTHF. Under
identical experimental conditions, the immobilised catalyst
(27, TOF 8.8 h™', 91% ee) was 2.8 times more active than its
homogeneous counterpart (26, TOF 3.1 h™', 90% ee). Larger
enhancements, up to 18.7 times, were found in comparison with
unmodified homogeneous catalyst 25 (TOF 0.47 h™', 89% ee).
The polymer efficiently provided a suitable microenvironment
to favour the local concentration of the substrates within the
polymeric network, and in this case, the reaction inside the
polymeric network takes place much more efficiently than
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HoN N~ HoN N> pn

25 26

TOF: 0.47 h™', 89 % ee TOF: 3.1 h™', 90% ee

g

27, (1% DVB, f = 0.99 mmol g
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o TFOH (10 mol%) o
o m-NO,CgH4COLH (5 mol%) .
* Vk Cat. (10 mol%) 4@@
[¢] 2-Me-THF o
28 29 30

Fig. 5 Enhancement in activity for a PS-supported chiral vicinal diamine.

in solution.®® While this effect could be somewhat masked by
mass transfer limitations at room temperature, it became fully
operational at 55-60 °C with a tenfold enhancement of the
activity on going from room temperature to 55 °C.

An important point to take into account for understanding
the activity of insoluble polymer-supported systems is that,
as rates can be much affected by diffusion, the temperature
can have a very important effect on activity. A marked decrease
in activity is often found on lowering the temperature, and this,
sometimes, puts some limits on the use of low temperatures
that are usually employed for enantioselective transformations
under homogeneous conditions.'®>7%7

As mentioned before, spacers have been used to attach the
ligand to the polymer by a point remote from the active site
(tail-tie), reducing any possible “polymeric (negative) effect”
associated with the bulky polymeric matrix. However, in some
cases, the spacer and/or linker themselves can play a non-
innocent role in catalytic activity. These effects can be related
to the modification of the hydrophobic/hydrophilic balance
and/or to the presence of an additional functional group.
Alexandratos and co-workers have systematically studied how
the microenvironment surrounding the active sites in polymer-
supported systems can be used to enhance the reactivity of the
intermediates and the rate of product formation, using the
Mitsunobu reaction as the benchmark reaction."%®

The potential of the 1,2,3-triazole moiety as the attachment
point in the linker has been extensively exploited. Its use has
facilitated the immobilization of catalytic units with a wide range
of structural diversity using a clean 1,3-dipolar cycloaddition
reaction (Fig. 6). This triazole linker allows not only the grafting
of catalytic moieties but also the incorporation of spacers
drawing them away from the polystyrene chain, in an attempt
to improve the mass transfer and to accelerate the reaction.
By using several variations of this click-chemistry strategy,
different derivatives of 4-hydroxyproline have been grafted onto
several commercially available resins (Merrified, ArgoPore and
PS-PEG NovaBioSyn) (Fig. 6)."°""" The results observed with
the resulting supported proline organocatalysts for the aldol

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Immobilization of 4-hydroxyproline fragments on different
polymeric supports using a click strategy with the formation of linkers
containing the 1,2,3-triazole moiety.

reaction between cyclohexanone and benzaldehyde in water
at room temperature suggest the non-innocent nature of
this linker/spacer.

Noteworthily, the polymer 34 exhibited a much better cata-
lytic performance than its monomeric counterpart in terms of
selectivity. However, this resin still presents low reaction rates
in water (TOF 0.083 h™"). The use of an analogous macroporous
resin in substitution of a gel-type support did not improve
the situation and only traces of the product were found for
this catalyst (38). However, a controlled manipulation of the
linker and spacer between the catalytic unit and the polymeric
backbone allowing tuning the improvement of the catalytic
performance. The lack of the 1,2,3-triazole moiety in the linker
(36) led to similar activity but much poorer enantioselectivity.
The use of a resin bearing more flexible and hydrophilic
ethylene glycol units (37) rendered a significant activity drop.
Polymer 39, where the 1,2,3-triazole moiety is directly grafted to
the proline ring, exhibited an optimal catalytic performance,
with a notable rate acceleration over those of the other studied
resins (up to 3.7 by comparing 34 and 39).

Noticeably, and in sharp contrast with other resins, polymer
39 showed a perfect swelling behaviour in water. The observed
activity enhancement can be related to the interaction of water
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molecules connecting the amino acid and the 1,2,3-triazole
moieties building an aqueous microenvironment around the
catalytic sites resembling the effect of essential water on some
natural enzymes used in organic media. The introduction of an
additional spacer unit (4-ethynylbenzyl ether, 40) increased the
separation between the hydrophilic, catalytically active moiety
and the hydrophobic polymer backbone. This catalyst, based
on a PS polymer with 8% of DVB, showed a higher activity and
diastereoselectivity than the homogeneous counterpart for all the
solvents tested (homogeneous vs. heterogeneous: H,0: 0.3125 h™*
anti:syn 93:7, 97% ee vs. 0.3375 h™"', anti:syn 95:5, 97% ee;
DMF:H,0 (1:1) 0.321 h™', anti: syn 79:21, 97% ee vs. 0.383 h™ ",
anti:syn 95:5, 97% ee; CH,Cl, 0.187 h™, anti:syn 80:2, 77% ee
vs. 0.354 h™, anti:syn 95:5, 85% ee).

The same group has also observed similar results in Michael
reactions regarding the role of the p-phenylene spacer for a chiral
pyrrolidine PS-support tethered by the 1,2,3-triazole moiety.'™

The effect of neighbouring groups. Alexandratos and
coworkers have also demonstrated that the presence and con-
tent of neighbouring groups can be an important variable in
tuning the performance of an immobilised catalyst."'® Hence,
the catalytic activities of polymer-supported sulfonic acid
catalysts for the Prins reaction were shown to be strongly
influenced by the microenvironment surrounding the acid
ligands. The high acid density within the polymer is probably
very important in determining the catalytic activity and this is
accentuated or attenuated by the neighbouring groups. The
cooperative effect with the organocatalytic sites of the hydroxyl
groups present in the matrix has been demonstrated by Kwong
et al."** Morita-Baylis-Hillman reactions, catalysed by polymer
supported triphenylphosphine or DMAP, were significantly
accelerated by the presence of hydroxyl groups in the polymeric
backbone. Again, the introduction of additional groups at the
polymer main chain can tune the hydrophilic-hydrophobic
balance around the catalytic sites and control their activity.

In this regard, Itsuno has exploited this phenomenon
to design highly active supported catalysts for the transfer
hydrogenation in neat water and in organic solvents.'"” The
supported catalysts were based on the chiral ruthenium(u)-N-
toluenesulfonyl-1,2-diphenylethylene-diamine (TSDPEN) complex
developed by Ikariya and Noyori,'*® and prepared as micro-
reticular resins by copolymerisation (Fig. 7). These authors
have systematically evaluated the influence of the polymer
composition in terms of catalyst loading, degree of crosslinking
and the content and nature of pendant groups on the efficiency
of the Rh, Ru and Ir catalysts derived from this supported chiral
ligand for the asymmetric transfer hydrogenation of different
substrates.'””?° The balance between hydrophilicity and hydro-
phobicity induced by the presence of additional polar groups on
the polymer backbone was the most important factor controlling
the efficiency of the catalyst in the transfer hydrogenation of
ketones and imines. The presence of additional polar groups not
only allows the reaction in water to be carried out, but also allows
adjustment of the activity of the catalyst through the selection
of the appropriate hydrophilic, hydrophobic, or amphiphilic
moieties. The most dramatic activity effect was found for the
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Fig. 7 Polymer supported TsDPEN ligand for the Ir or Ru catalysed
transfer hydrogenation of sulfonimines (a), imines (b) and ketones (c).

hydrogenation of cyclic sulfonimine 41 in neat water (Fig. 7a).
The soluble catalyst TSDPEN showed no catalytic activity due to
its hydrophobic character. The polystyrene-immobilized chiral
catalyst (43a), which consists of a gel-type hydrophobic polymer
chain, was also not suitable for the reaction. However, the
introduction of polar functional groups in the polymeric
network turned the inactive supported catalyst into an active
one in water (see 44a and 45a, Fig. 7a).""’

The pendent polar functional groups in the multifunctional
polymeric framework can induce proper polymer swelling
and solvation. Indeed, styrene based polymer 43a swelled in
traditional good solvents for crosslinked polystyrene such as
DMF, THF and toluene, but completely shrunk in water due
to its hydrophobic character. In contrast, polymers bearing

2730 | Chem. Soc. Rev., 2018, 47, 2722-2771

View Article Online

Review Article

sulfonate groups (i.e. 44a and 45a) were found to swell in polar
solvents such as dimethylsulfoxide and water. This effect was
also confirmed when the asymmetric transfer hydrogenation of
cyclic imine 46 was studied (Fig. 7b).'*® Catalysts 44a and 45a
bearing either sodium or benzyltributylammonium sulfonate
groups were active in water (2.08 h™', 89% ee and 3.125 h™ ",
89% ee, respectively), but became inactive in methylene chloride,
leading to only traces of the product, while the hydrophobic
catalyst 43a (not active in water) displayed a good activity and
enantioselectivity (3.83 h™", 92% ee) in this organic solvent.

The lack of catalytic activity of the hydrophobic resin 43a for
the asymmetric transfer hydrogenation of acetophenone (48)
was clearly related to the limited accessibility of the catalytic
sites in water (Fig. 7c). In fact, the soluble polymeric counter-
part of this polymer (43b), where diffusion issues encountered
in the crosslinked polymer 43a due to the lack of swelling
are minimised, was active for this asymmetric transfer hydro-
genation in water. Interestingly, the same catalytic activity was
found for the two soluble polymers 44b and 45b having polar
pendent groups in the polymeric network and their crosslinked
counterparts (44a and 45a). These results highlight that diffusional
limitations in gel-type resins can be minimised by the presence in
the polymeric network of functional sites able to tune the swelling
of the polymer in the presence of a given solvent.

The pseudodilution effect. A gel-type polymeric matrix can
also have a positive effect regarding activity through a pseudo-
dilution effect. The selection of a resin with appropriate loading
reduces the possible site to site interactions that could have a
detrimental effect on catalytic efficiency. This pseudodilution
effect has been demonstrated by the results of several authors
showing that the activity of different polymer-bound reagents and
catalysts is increased by low levels of functionalization.?*'°%!?!

This is the case, for instance, of supported pseudopeptides
55 and 56 prepared by grafting onto gel-type resins,'>*'°
whose copper complexes were studied for the catalytic cyclo-
propanation of styrene (Fig. 8)."*® When the copper complexes
of the homogeneous analogues 53 and 54 were evaluated for
this reaction, the presence of an induction period was
observed. No conversion of 50 to 52 was detected for a period

— cuL*
/ + NaCHCOEt ——t » A
Ph CH,Cl,  Ph COEt
50 51 2

o [¢] o o

53: R = (CH3),CH- 55: R = (CHy),CH-

54: R = PhCHy- 56: R = PhCH,-
Ho"ﬁ‘i’gg::;"”s Time (h)  Yield (%) Hete,ﬂ‘;ii‘;eous Time (h)  Yield (%)
3 3 . 55 1.5 12
53 4 16 55 2 o
54 1 56 ! 17
54 1.5 19

Fig. 8 Homogeneous and supported pseudopeptidic ligands assayed for
the enantioselective cyclopropanation of styrene with ethyl diazoacetate.
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Fig. 9 Homogeneous and supported 2-(pyridine-2-yl)imidazolidine-4-
thione ligands assayed for the enantioselective Henry reaction.

of 1 to 3 hours. Such an induction time was, however, absent
for the supported polymeric catalysts derived from 53 and 54
that, accordingly, showed a higher activity at shorter reaction
times. The pseudodilution effect seems to be responsible for
this behaviour.®" All data suggest that in CH,Cl, soluble copper
complexes of 53 and 54 tend to form aggregates that present a
very low activity. Non-catalysed decomposition of ethyl diazo-
acetate results in the formation of polar species that finally
favour disruption of the aggregates. Aggregation is inhibited or,
at least, very much diminished for the supported species and,
accordingly, the inhibition period is not observed.

Similar effects were also found for the supported copper-2-
(pyridine-2-yl)imidazolidine-4-thione complex in the asymmetric
Henry reactions (Fig. 9).">” The homogeneous catalysts based on
the copper complexes with 59 and 60 were ca. 3 times less active
than the copper complex obtained with the immobilized ligand
obtained through grafting onto a commercially available
JandaJel™ polymeric resin (61). The site-isolation on the polymer
matrix reduces the possible dimer/oligomer adducts found in
the homogeneous case,"”® enhancing the catalytic activity.

Some increases in activity, relative to the homogeneous phase,
have been also reported by Irurre et al. using polymer-supported
Ti-TADDOLates.”**"*® The high potential of TADDOL ligands
(0,010, -tetraaryl-1,3-dioxolane-4,5-dimethanol) as chiral auxiliaries
in catalysis and separation processes'®" has led different groups to
study their immobilization on a variety of supports.'**™*° In the case
of supported Ti-TADDOLates 62 (Fig. 10) prepared by grafting and
studied for the Diels-Alder cycloaddition of cyclopentadiene and
3-crotonoyl-1,3-oxazolidin-2-one using a 10:1 catalyst dienophile
ratio,”*>"*° no clear rationale was given to explain the observed
increase in activity, but the presence of changes in the mechanism
can be envisaged, in particular taking into account the potential
participation in this reaction of several complexes with different
molecularities."*

An even more dramatic effect was observed in the case of
some B-amino alcohol derivatives (Fig. 11)."*' Heterogeneous
derivatives of (1R,2S)-ephedrine (64) and (R)-3-pyrrolidinol (65)
were easily prepared by direct reaction of the corresponding
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Fig. 10 General structures of supported Ti-TADDOLates and of supported
B-aminoalcohols and their N-benzylated homogeneous analogues.
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Fig. 11 General structure of supported chiral Lewis acids and the
results for their application as catalysts for the Diels—Alder reaction of
methacrolein with cyclopentadiene.

B-amino alcohol with a Merrifield resin, while prolinols 66 and
67 were better prepared by initial reaction of the proline methyl
ester with a chloromethylated resin followed by treatment with an
excess of lithium aluminium hydride (66) or PhMgBr (66)."**™"**
The corresponding N-benzylated derivatives (68-71) were prepared
as the homogeneous analogues. The related chiral Lewis acids
were obtained by the reaction of 64-71 with EtAICI, (see general
structure, Fig. 11) and evaluated as catalysts for the Diels-Alder
reaction of methacrolein with cyclopentadiene (Fig. 11).

The results presented in Fig. 11 clearly reveal that reaction
times required to achieve the same chemical yields are much
shorter always for the polymer-supported systems. Thus, for
instance, in the case of (R)-3-pyrrolidinol (65), the supported
system allows obtaining a 95% conversion after 60 min (TOF:
3.8 h™"), whilst the catalyst derived from the N-benzylated
analogue 69 requires a fivefold increase in time (300 min) to
achieve a similar conversion (TOF: 0.776 h™"). In the case of the
ephedrine derivatives 64 and 68, the homogeneous system
catalyses the reaction 38 times slower than the heterogeneous
one. For the prolinol derivatives, it can be seen that, essentially,
only the supported species are active (66 and 67). As could be
expected, the more hindered derivatives (catalysts derived from
67 and 71) are less active both in solution and in the supported
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species. Again, the formation of aggregates in solution, which
should be greatly inhibited on the heterogeneous systems,
seems to be responsible for this behaviour.

A similar effect has been observed in the case of a-amino
amides derived from natural amino acids. They can be con-
sidered as structural equivalents of amino alcohols providing an
acidic N-fragment instead of the hydroxyl group. Accordingly,
their Ni(n) complexes were shown to be efficient chiral catalysts
for the addition of Et,Zn to aldehydes.'*®> However, in the absence
of Ni(u) these ligands were unable to catalyse this reaction in
opposition to the general behaviour observed for amino alcohols.
Interestingly, when these amino amides were prepared attached
to polystyrene matrices, the supported systems were found to be
very active also in the absence of Ni(u), leading to the formation
of 1-phenyl ethanol from benzaldehyde and Et,Zn in almost
quantitative yields and >90% ee.'*®

Dendrimers as supports

The use of dendrimers as supports is a suitable alternative to
mitigate some of the diffusional problems ascribed to the gel-
type resins, while maintaining some of the advantages found
for the gel-type polymeric supports related to site isolation and
suitable hydrophilic-hydrophobic balance.**”~**°

Their soluble nature and the possibility to locate the catalytic
species in well-defined positions within the dendrimer can be used
to tune the catalytic activity of a given catalyst (Fig. 12).">°">?
Different examples in non-asymmetric transformations have
demonstrated significant enhancements in yields and activity in
comparison with their homogeneous counterparts.">*'** Such
effects can be observed for the original monomeric component
and/or for larger dendrimer generations and show a strong depen-
dence on both the generation used and the localisation of the active
sites. Indeed, the localization of the catalytic sites in the core of the
dendrimer may lead to “positive dendrimer effects” originating
either from the influence of the branches on the core, modifying
the polarity of the environment, or from site isolation effects.

popEs

Core Dendritic Catalyst

Perlpheral Dendritic Catalyst

O = catalyst

= = linker

= dendritic building
block

[Janus Dendritic Catalyst J

Fig. 12 General representation for dendritic catalysts.
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Fig. 13 Modified BINAP ligands at the core of dendrimeric structures and
their application to the Ir-catalysed asymmetric hydrogenation of quinolines.

This can be illustrated in the case of 5,5-modified BINAP
ligands immobilized on the core of Frechet type dendrimers
(Fig. 13). This supported catalyst provided impressive results
for the Ir-catalyzed asymmetric hydrogenation of quinolones
(77),"*® with an important enhancement in the catalytic activity from
a TOF of 1 x 107> h™" for the first generation to 19 x 10 > h™*
for the fourth one without compromising the enantioselectivity.
Noteworthily, the supported catalyst (75) was more active than
the related homogeneous BINAP Ir complex (TOF 430 h™1).
Indeed, the best catalytic dendrimer, under optimized condi-
tions, behaved as a highly active catalyst with a maximum
initial TOF of 3450 h™" and with a TON of 43 000, highlighting
the non-innocent effect played by the support. This effect is
attributed to the efficient site isolation reducing the formation
of dimers observed for the unsupported complex.

Similar positive effects were also found for the asymmetric
hydrogenation of 2-(4-isobutylphenyl)acrylic acid (79) catalysed
by the same dendritic BINAP systems (75) complexed this time
with Ru (Fig. 14)."*>"® Again the higher generation dendrimers
showed an enhanced activity (up to a 3 times increase) than the
unsupported homogeneous counterpart. Such a rate enhance-
ment was not observed for the mono-substituted dendrimer and
the activity was by far higher in toluene than in toluene : methanol

75-76, [RuCIz(cymene)]z
79 80 atm Ho, rt

75a,n=0, TOF:6.5h™, 92% ee
b,n=1, TOF: 8.4 h™, 93% ee
c,n=3,TOF:21.4 h™!, 92% ee

76, BINAP, TOF: 6.3 h-1, 89% ee

Fig. 14 Ru-Catalysed asymmetric hydrogenation in the presence of the
modified BINAP ligand at the core of dendrimeric structures.
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Fig. 15 Modified phosphinooxazoline ligands immobilized onto Frechet

type dendrimers for the asymmetric Ir-catalysed hydrogenation of diaryl-
1,5-benzodiazepines.

(1:1, v/v).">"">® These facts suggest that the dendrimers contri-
bute to generate a suitable polar micro-environment to induce a
pseudoconcentration effect of the substrates on the proximity
of the catalytic sites. The same effect on activity was found
when the Ru-BINAP homogeneous complex was encapsulated
inside an analogous third generation Fréchet dendrimer lacking
the catalytic center.

The activity observed for chiral Ir-phosphinooxazoline
(PHOX) complexes immobilized onto Frechet type dendrimers
also surpassed the activity found for the homogeneous systems in
the hydrogenation of diaryl-1,5-benzodiazepines (83). (Fig. 15).">°
Usually, the activity of the Ir-PHOX complexes is highly affected by
the formation of polynuclear complexes,'® but in the dendrimer
supported systems (81) the sterically demanding dendrimer
branches facilitate suitable site isolation reducing such adverse
effect. In this way, the second-generation dendritic catalyst (81c)
was ca. 4 times more active than the non-dendrimeric counterpart
(82). However, the third-generation dendritic catalyst (81d) was
only 2 times more active. This suggests that a compromise
between site isolation and mass transfer is required to design a
suitable catalytic dendrimer.

A similar reasoning has been used to explain the changes
in activity found for dendritic systems containing 4-(dialkyl-
amino)pyridines supported onto gel-type polymers as catalysts
for acylation reactions.'® From the experimental results, it was
concluded that the nano-environment created by the dendrimer
within the polymeric network played a dominant role in deter-
mining the activity of those supported catalysts.

A second type of “dendrimer effect” can be found when the
catalytic units are located in the dendrimer periphery. In those
cases, cooperativity between catalytic units is expected due to
the high local concentration of these sites within well-defined
nanoscopic peripheral space, which, in some cases, may result
in a positive effect enhancing the catalytic properties. This
can be illustrated, for instance, by the application of BINAP
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Fig. 16 Janus-type dendrimer structure containing BINAP peripheral
subunits on one of the faces.

Janus-type dendrimers 85 formed by a Fréchet-type polyether
dendrimeric unit fused to a second one having up to 16
peripheral BINAP moieties.'®> These BINAP subunits were able
to form the corresponding ruthenium complexes for the asym-
metric hydrogenation of 2-aryl-acrylic acid 79. The generation
of the dendrimer influenced the reactivity of these catalysts
with increasing reaction rates (more than 3.5 times increase)
for the higher generations (Fig. 16).

An even more dramatic increase was found by Jacobsen for
Co-salen complexes immobilized onto NH,-terminated
PAMAM dendrimers (86) in the hydrolytic kinetic resolution
of terminal epoxides (88; Fig. 17).'®* Mechanistic studies had
suggested an increase in the catalytic activity by a cooperative
interaction between catalyst units.'®® The presence of Co-salen
units in the periphery of the dendrimer led to important
cooperative interactions between [Co—(salen)] units due to their
higher local concentration, affording an up to 24 times increase
of the relative rate per [Co(salen)] unit in comparison with the
homogeneous system 87. Hence, it is clear that dendritic
supports offer very interesting opportunities to tune the activity
of different types of catalytic systems, although an important
drawback is the need for complex synthetic and purification
processes in their preparation.

Macroporous polymers as supports

A different possibility to minimise diffusional limitations is the
use of macroporous polymers with permanent porosity. In this
case, the functional sites are distributed both at the surface and
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87, Relative rate per [Co(Salen)] unit: 1, 98% ee

Fig. 17 General structure of a Co—salen complex immobilized onto NH,-
terminated PAMAM dendrimers used for the hydrolytic kinetic resolution
of terminal epoxides.

at the interior of the dense polymer particles. Accessibility of
sites located on the surfaces is greatly enhanced and does not
depend very much on the solvent. In contrast, the functional
groups located on the interior of the particles may not be easily
accessible. The balance between surface and non-surface sites
determines the activity of the resulting species and very often,
this can be regulated through an appropriate selection of the
polymerisation conditions.

This can be illustrated by the work of Abu-Elfotoh et al
with a macroporous polymer-supported chiral ruthenium(u)/
phenyloxazoline (Ru-PHEOX) complex (90; Fig. 18), prepared
by copolymerization of the corresponding monomeric complex
with styrene and 1,4-divinyl benzene (DVB) in water: CH,Cl,
(7:2)."® The resulting catalyst displayed, in the cyclopropana-
tion of styrene (50) with EDA (51), a higher activity than
the homogeneous catalyst 93 (TOF of 3.034 h™', cis:trans:
88:12, 94% ee vs. TOF of 2.694 h™? cis: trans: 90:10, 98% ee).
Interestingly, the polymer 92, obtained under the same condi-
tions as 90, but by initial polymerisation of the phenyloxazoline
ligand followed by complexation with the metal, suffered from
a significant drop in catalytic efficiency in terms of both activity
and enantioselectivity (TOF of 1.102 h™", cis:trans: 83:17,
74% ee). Furthermore, the polymeric catalyst 90 was also more
active than the one based on a macroreticular polymer (91, ca.
50% DVB) (TOF of 1.265 h™', cis:trans: 82:18, 84% ee). The
difference in activity can be explained based on the macroporous
structure of the different materials. The direct polymerisation
of the Ru-complex, in the presence of water:CH,Cl,, afforded a
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90, x/y/z 1:100:10 (macroporous), TOF of 3.034 h™, cis:trans: 88:12, 94% ee
91, xly/z 1:55:55, (macroreticular), TOF of 1.265 h™!, cis:trans: 82:18, 84% ee
92, x/y/z 1:100:10, (i: ligand polymerization; ii: complexation),

TOF of 1.102 h'1, cis:trans: 83:17, 74% ee
93, TOF of 2.694 h™! cis:trans: 90:10, 98% ee

Fig. 18 Structure of Ru—PHEOX polymers studied as catalysts for the
cyclopropanation of styrene.

uniform distribution of the catalytic sites in the polymeric
matrix, which also presented a larger internal surface area than
the macroreticular-type catalyst 91.

Petri et al. have studied how the asymmetric dihydroxylation
of alkenes, catalysed by cinchona alkaloid derivatives (96-98;
Fig. 19), is strongly affected by the appropriate design of the
polymeric matrix."®® The rate of dihydroxylation of styrene

_R
96 0~ o
TOF ca. 68 h""

56% ee

98
TOF ca. 63 h™
65% ee

Fig. 19 Cinchona alkaloids supported on polymeric matrices of different
polarity for the dihydroxylation of alkenes.

TOF ca. 29 h™ 02
57% ee
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depends on the hydrophobic/hydrophilic properties of the
polymeric backbone. The activity increases for supports with
a more hydrophilic backbone (98) (introduction of HEMA and
EGDMA as comonomers), showing similar results to those
obtained under homogeneous conditions (96). Only one hour
is required to afford an 80% conversion with 96 and 98. With a
PS-DVB matrix (97), however, four hours are required to get a
similar conversion.

Ti-TADDOLates also provide a useful example. In fact, when
the kinetics for the Et,Zn addition to PhCHO using supported
Ti-TADDOLate catalysts such as 102 (Fig. 20) was initially
considered, the measured rates were significantly slower than
for the homogeneous analogue, and this was ascribed to
the reduced accessibility to the catalytic sites.'®” One of the
strategies considered to overcome this limitation, improving
the accessibility of the active sites, was the incorporation of
the chiral ligand at the core of a polymerizable dendrimer
(99).1°%'%? Only for the polymer prepared from 99 and styrene,
the rate of the heterogeneous reaction increased relative to that
in the homogeneous phase using directly 99.

The rate depended on the loading, with slower rates observed
for higher loadings. This is reasonable, as this functional mono-
mer acts as the crosslinker and, accordingly, higher loadings
increase crosslinking and would make it difficult to access the
reactive sites. Several reasons are given to explain this behaviour.
They include considering that the attachment of the dendritic
arms of 99 to the polymeric backbone could hinder them from
wrapping around the TADDOL core, allowing, in this way, a better
diffusion of reactants to and from the catalytic center.

o

ST Q, |
O Qﬁ § «;Q/o\, Ien

O

Suspension
Polymerisation

7 N

AL A
sga %

100

Suspension

Polymerisation 154 99.vB (0.012:0.988)

102, 100:VB:DVB (not defined)

101,99:VB (0.012:0.988), TOF: 4.5 h™, er: 94:6
102, 100:VB:DVB, TOF: 2 h™', er: 98:2

oH
CHO
©/ TADDOL-Ti(O-Pr),
_TADDOL-THO-Pr2

1.8 equiv Et,Zn, Toluene ©/k/

103 104

Fig. 20 Preparation of polymer-supported TADDOLs via copolymeriza-
tion of the corresponding vinylic TADDOL derivatives.
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On the other hand, the “oxygen-rich” dendritic branches
could provide a more polar environment around the active sites
within the apolar polystyrene matrix. This could, for instance,
favour the accumulation of polar substrates (PhCHO, Et,Zn) in
the proximity of the catalytic centres, increasing the local
concentrations and, hence, leading to higher rates.

As mentioned, a possible alternative to obtain supports with
good diffusional properties is the use of polymeric macro-
porous monoliths, which can be moulded in different shapes
according to the required uses.'”® In a polymeric monolith,"”*
the resin can be described as a continuous material integrated
with highly crosslinked particles and presenting a complex
network of permanent pores. Usually, those materials are
prepared by polymerisation of a mixture containing a func-
tional monomer along with styrene (VB) and divinylbenzene
(DVB) (or the corresponding crosslinking agent, i.e. 106 or 107
in Fig. 21) in the presence of an appropriate porogen.

Polymer-supported bis(oxazolines) (BOX) can be prepared
following this strategy as monolithic polymers. The accessibility
of the functional sites can be assessed through the analysis of
the copper uptake after treatment with Cu(OTf), (Fig. 21)."7>77
Several resins were prepared using monomeric mixtures con-
taining variable amounts of the functional monomer 105,
styrene and DVB. As can be seen from the data depicted in
Fig. 21, the accessibility of the bis(oxazoline) groups on the
polymer seems to be related to the loading and the crosslinking
degree. The number of non-accessible sites increases, in
general, with both parameters. The increase with loading is
reasonable, as the functional monomer acts as a crosslinker
and, accordingly, higher loadings increase crosslinking and would
make it difficult to access the reactive sites. Nevertheless, this is

PERSArS

cl

Merrifield resin

Polymerisation

! Grafting:

o 1 109 a: 0.94 mmol/g BOX, Cu load: 98%
i Polymerisation
/\Q : (DVB) b: x/y/z 0.1:0.7:0.2, 0.19 mmol/g BOX,
Il Cu load: 36%

c: x/y/z 0.1:0.9:0, 0.39 mmol/g BOX,

Sy

Cu load: 64%

d: x/y/z 0.2:0.8:0, 0.11 mmol/g BOX,
Cu load: 14%

e: x/y/z0.5:0.5:0, 0.09 mmol/g BOX,
Cu load: 9%

f: x/y/z 1.0:0:0, 0.14 mmol/g BOX,
: Cu load: 13%
\ 1 (106) e: x/y/z 0.1:0.7:0.2, 0.37 mmol/g BOX,
Cu load: 48%
106 7.7 ! (107) g: xly/z 0.05:0.85:0.1, 0.19 mmol/g BOX,

Cu load: 38%

Fig. 21 Preparation of monolithic polymers by polymerization of vinylic
BOX derivatives.
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not a simple relationship, and thus the copper uptake of the
homopolymer 109f (100% of functional monomer, 100% of
crosslinking) is comparable with that obtained for a polymer
containing only 20 molar% of the functional monomer and
80% of styrene (109d). As also shown by the use of JandaJel and
related resins,*®'’®'”” the use of more flexible crosslinking
agents, such as the vinylic derivative 106 (Fig. 20) containing
a PEG chain, favours the accessibility of the bis(oxazoline)
moieties. Thus, for one of the monomeric compositions used
for polymer 109e (10:70:20), but using 106 instead of DVB,
48% of the reactive sites were loaded with Cu.”>'’® Some
increase in the Cu uptake was also observed for the polymer
109g where first generation dendrimers containing at least six
vinylic groups (107) were used as the crosslinkers (up to 38% of
functional groups loaded with copper).”’

Finally, the exact balance between accessible and non-
accessible sites is clearly dependent on the polymerisation
conditions and here the porogen can play a central role. Thus,
for the homopolymers prepared from 105, the use of toluene/
dodecanol as the porogenic mixture produces a polymer in
which about 13% of the functional groups are accessible, whilst
only 1% of the groups are accessible when toluene, which
has been described to form small pores,®>'®>*¥! is the only
component of the porogenic mixture.

As the BOX monomer conserving the C,-symmetry acts itself
as a crosslinking agent and can reduce the accessibility of
some of the active sites, a “C,-disruptive”” design for the BOX
monomeric derivative may provide a suitable alternative to
reduce to a minimum the structural perturbation induced by
polymerization, enhancing accessibility. Mandoli et al. have
exploited this concept to immobilize the BOX ligand by either
copolymerisation or grafting (Fig. 22).'%'% Furthermore, and
to minimise the backbone effect, an alkyl flexible linker was
also used to tether the ligand to the support.

The copolymerisation of the corresponding functionalised
monomer (111) with toluene as the porogenic agent rendered a
support with ca. half of the functional sites accessible (115).
This represents a significant accessibility improvement over the
above mentioned C,-BOX systems. In the case of the function-
alised polymer prepared by grafting, all the ligands appeared to
be accessible.'®?

However, the use of long linkers does not always represent
an optimal approach. This can be illustrated by the differences
in functional site accessibility observed for the case of polymer
supported pyridinebis(oxazoline) ligands 116-117 (PYBOX) pre-
pared by copolymerisation as crosslinked monoliths or by grafting
onto commercially available Merrifield resins (Fig. 23).'34"> It
should be noted that Ru-PYBOX complexes, depending on the
concentration, can lead to dimer formation. Thus, especially for
resins with low crosslinking degrees, an increase in the spacer
length could enhance accessibility at the expense of site-site
isolation, favouring the formation of dimeric species, which
will be also favoured by a pseudo-concentration effect on the
polymeric network. The accessibility was estimated taking
into account the Ru uptake relative to the ligand loading. For
the resins obtained by polymerisation (119d-g), the Ru uptake
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Fig. 22 Preparation of polymer supported BOX derivatives through a
C,-disruptive strategy for improving the accessibility of the active sites.
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Grafting:
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0.512 mmol/g Pybox, Ru load: 85%
119b: Spacer: -OCgH,;-NHCH,CgHy-
0.450 mmol/g Pybox, Ru load: 93%
119c¢: Spacer: -OCgH4N=CHCgH,OCH,CgH,-
0.155 mmol/g Pybox, Ru load: 60%

Polymerisation
119d: Spacer: none  x/y/z 0.07:0.42:0.51,
0.443 mmol/g Pybox, Ru load: 62%
119e: Spacer: -CgHy- x/y/z 0.07:0.42:0.51,

0.400 mmol/g Pybox, Ru load: 66%
119f: Spacer: -OCgH,-

xlylz 0.07:0.42:0.51,

0.315 mmol/g Pybox, Ru load: 68%
119g: Spacer: -OCgH,OCH,CgHy-

x/y/z 0.07:0.42:0.51,

0.421 mmol/g Pybox, Ru load: 81%

Fig. 23 Preparation of polymer supported PYBOX derivatives through
different strategies and with different linkers.

steadily increased from 62% to 82% with the length of the
spacer. The larger spacers reduce the steric hindrance provided
by the polymeric backbone improving PYBOX accessibility. For
these highly crosslinked resins (51% DVB, 119d-g), the cross-
linking helps to reduce site-site interactions. In the case of

This journal is © The Royal Society of Chemistry 2018
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supported PYBOX ligands obtained by grafting, a positive effect
of length of the spacer, facilitating good accessibility to the
ligand, was observed for resins 119a and 119b, with Ru-uptakes
of 85% and 93%, respectively. However, when the length of the
spacer was further increased (119c¢), the Ru-uptake was only
60%, most likely due to the formation of dimeric species.

These examples illustrate the effects of the methodology used
in the immobilisation of a given catalyst on the accessibility
of the catalytic sites, especially for systems based on the
polymerisation of the corresponding chiral ligand and/or
complex. Different aspects like type and amount of porogen, type
and degree of crosslinking, use of spacers, etc., should always
be carefully considered for optimization of the accessibility to
the catalytic sites.

An illustrative example of how supported species on highly
crosslinked polymeric frameworks can be more active, with better
reaction rates, than the corresponding homogeneous analogues
is provided by some of the polymer-supported bis(oxazolines)
mentioned above. For the immobilized BOX ligand prepared
using a dendrimeric crosslinking agent, the total TON was
70.8 moles cyclopropanes per mol BOX, while for the homo-
geneous analogue the TON observed under the same conditions
was 3.2. The effect is more significant taking into account that less
than 40% of the box moieties are able to form the corresponding
Cu-BOX complex. According to this, the TON was calculated to
be 184 moles cyclopropanes per mol Cu-BOX.'7*'7° Some
improvements were also observed for the PYBOX derivatives.
In this case, the catalysts obtained by grafting displayed a
similar activity as the homogeneous unmodified catalyst, but
up to a twofold increase in catalytic activity was observed for
some of the systems prepared by polymerisation.'®*

Immobilization on an appropriate support can be used to
suppress site-site interactions, affording a great effect on
activity. Although eventually this can be achieved in microreti-
cular polymers, particularly for low catalyst loadings, this effect
can be facilitated by the use of macroporous, highly crosslinked
polymers. An interesting example is provided by ruthenium
porphyrin catalysts immobilized in a highly crosslinked matrix,
where catalyst deactivation by intermolecular reactions was
strongly decreased."®® The incorporation of a Ru(CO)(porphyrin)
complex in such a matrix was carried out by suspension
polymerization of the corresponding vinyl-substituted meso-
tetraarylporphyrin complex with ethylene glycol dimethacrylate
(EGDMA) in the presence of the appropriate porogenic mixture.
The activity of this polymeric catalyst in epoxidation reactions was
slightly higher than that of the homogeneous vinyl-substituted
meso-tetraarylporphyrin complex (initial TOF value of 40 h™" vs.
27 h™* for the homogeneous system). The differences in activity
were significantly much higher for the catalytic oxidation of
aromatic alkanes or secondary alcohols to the corresponding
ketones. In some instances, initial TOF values for the supported
system were up to one order of magnitude higher than those of
the homogeneous counterpart. A further increase in activity by
a factor of up to 16 was achieved by preparing the corres-
ponding imprinted polymer using diphenylaminomethane or
1-aminoadamantane as the template.'®” This suggested that
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the presence of the appropriate pseudosubstrate coordinated to
the vinylic Ru(CO)(porphyrin) complex can generate an imprint
(substrate pocket) in close proximity to the active site. In agree-
ment with this hypothesis, the rate enhancement observed was
strongly dependent on the template. An alternative strategy for
improving the activity of those supported Ru(CO)(porphyrin)
complexes was the use of perfluoromethylcyclohexane as a
cosolvent.®® The presence of the fluorous solvent facilitated a
favourable partitioning of substrates and oxidant into the poly-
meric matrix,"*>"*° leading to an increased local concentration
of substrates and reagent in the vicinity of the catalytic site.

Porous organic polymers as supports

In the search of more efficient predesigned polymeric frame-
works for the immobilisation of chiral ligands, a bottom-up
approach, in which different building blocks are assembled
into hierarchical porous polymeric materials with well-defined and
tuneable physicochemical properties, is gaining momentum.®*”>
These materials exhibit unique properties such as large BET surface
areas and pore volumes, enhanced accessibility of catalytically
active sites, and decreased diffusional limitations. Therefore, they
can lead to highly active heterogeneous catalysts able to surpass
the activity found for the homogeneous counterparts. This is
illustrated, for example, by the 2D metalloporphyrin polymeric
frameworks obtained by cross-coupling polycondensation that
displayed impressive TON (6.7 x 107) and TOF (9300 min ")
values for the epoxidation of olefins with superior performance
than the non-immobilised catalyst."*"*>

Among the different approaches for the preparation of
POPs and related systems, copolymerization via free-radical
polymerization of mono or poly-vinyl-functionalised chiral
ligands with additional crosslinked monomers, especially
DVB, under solvothermal conditions has led to the synthesis
of highly crosslinked and functional polymers.’®*"'** Based on
this methodology the heterogeneous phosphoramidite ligand
120 was prepared by copolymerization of the corresponding
di-vinyl-MonoPhos ligand with DVB (1: 4 by weight; Fig. 24)."°>
The corresponding Rh complex was at least three times more
active than the homogeneous control. The highly crosslinked
framework can inhibit the self-quenching found in solution
via multimolecular deactivation. Besides, the excess of chiral
ligand in the polymeric network seems to favour the stability of
the catalytic complex against deactivation through decomposi-
tion into metallic Rh nanoparticles.

The position and type of polymerisable moieties introduced
on a given chiral ligand are the factors that should be carefully
considered. The rigid polymeric organic porous framework is
built up through condensation of these functional groups by
themselves or in the presence of an additional building block.
Thus, the position, number and type of linker can play a
decisive role in defining the catalytic activity. For instance,
Wang et al. have demonstrated that (S)-5,5’-divinyl-BINAP-DVB
(123) prepared by solvothermal copolymerisation of a modified
BINAP with DVB (9:81 by weight) produced a mesoporous
material with a large surface area (1058-1070 m”> g~ '), which
was 2.5 times more active for the Ru-catalysed hydrogenation of
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Fig. 24 General structure of the POP containing chiral phophoramidite
fragments and used for the Rh-catalysed asymmetric hydrogenation.

methyl acetoacetate than the analogous copolymer obtained
by copolymerisation of (S)-4,4’-divinyl-BINAP and DVB (124;
Fig. 25) for a substrate/catalyst ratio of 1000.'°® The derivatisa-
tion at the 4,4’ positions, closer to the catalytic sites, is likely to
reduce the flexibility of the resulting polymer around the BINAP
fragments making the sites less accessible to the substrates.
A similar material was prepared with a BINAP bearing at
5,5'-positions acrylate groups instead of the vinylic residues."®’

124 X
TOF: 291 h™', 84% ee

123 X
TOF: 743 h™', 89% ee

X X z
0O O
O o \)2)\
(O~ :
PPh, PPh,

Z
jz
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TOF: 247 h™', 90% ee

(o] (o] H OH O
2
i A OHo N
Ru/L*(123-125)
126 127

Fig. 25 General structures of POPs containing BINAP moieties obtained by
radical copolymerization with DVB and used for Ru-catalysed hydrogenations.

2738 | Chem. Soc. Rev., 2018, 47, 2722-2771

View Article Online

Review Article

The material obtained by polymerisation with DVB (125, 20%
DVB by weight) in spite of its lower surface area (524 m> g™ )
was able to quantitatively convert methyl acetoacetate with
good enantioselectivity (90% ee) and at very high substrate/
catalyst ratios (up to 5000), being within the more active systems
reported for this reaction.

In the knitting strategy developed by Tan and coworkers, the
very reactive formaldehyde dimethyl acetal (FDA) is employed
to crosslink, through rigid methylene bridges, a variety of
simple aromatic building blocks like benzene or biphenyl
in a FeCl; catalysed Friedel-Crafts reaction. The resulting
polymeric networks have predominant microporosity and a
high surface area.'®® In this way BINAP has been immobilised
in a variety of hypercrosslinked polymeric aromatic networks
without requiring the previous preparation of modified BINAP
structures (128, Fig. 26).'°° These materials are insoluble and
porous, with large surface areas of 1100-1200 m”> g~ '. The
optimised catalyst demonstrated a satisfactory activity for the
hydrogenation of 126 at very high substrate/catalyst molar
ratios (S/C = 6000) for 10 hours with similar enantioselectivity
and activity as those prepared by polymerisation.

BINAP has been also immobilised in chiral conjugated
microporous polymers (CMPs). Apart from the advantages of
common POPs, such as large surface areas and high stability,
the porous structure and surface area of CMPs can be finely
controlled at a molecular level through the rigid node-strut
topology of the monomer structure. CMPs functionalized with
catalytic units can be regarded as heterogeneous catalysts.”>”?

The preparation of BINAPO-CMPs was carried out through
the Sonogashira-Hagihara reaction of (R)-4,4’-dibromo BINAPO
(129) with alkynes of different lengths (Fig. 27).>°° The BET
surface areas ranged from 391 m* g ' to 509 m* ¢~ ' depending
on the alkyne used. The corresponding Ru-complexes were
active for the asymmetric hydrogenation of B-keto esters. More
interestingly, a significant activity enhancement was found when
their Ir-complexes were used for the asymmetric hydrogenation
of quinolines.*®" The catalyst 130 prepared by polycondensation

PPh, PPh,

FeClg

O Ph
© or Or/@\
O Ph Ph
a b c
+
OO PPh,
~ +
™

128a, TOF: 99 h™', 97% ee (S/C = 1000)
TOF: 594 h™!, 98% ee (S/C = 6000)

128b, TOF: 99 h™', 94% ee (S/C = 1000)

128c, TOF: 99 h™!, 97% ee (S/C = 1000) n

DCM, 80 °C

H
HSCMO,CH3 -z . 3C/'\)kO,CH3

H
Ru/L*(126a-c)
126 127

Fig. 26 Preparation of a polymeric network containing BINAP fragments not
requiring the preparation of polymerisable BINAP derivatives (knitting strategy).
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Fig. 27 Preparation of BINAPO-CMPs used for the Ir-catalysed hydro-
genation of quinaldine.

of 129 with 1,3,5,7-tetrakis(4-ethynylphenyl) adamantine was four
times more active than the homogeneous catalyst providing the
same enantioselectivity. This effect was associated with the spatial
site isolation of the BINAP catalytic sites that were evenly distributed
within the rigid CMP framework preventing the formation of dimers.

As in the case of dendrimers discussed above, site isolation is
not the only way by which the crosslinked matrix can contribute to
increase the activity of supported systems. In fact, the opposite
mechanism can also be found. Different catalytic systems involve
the participation of more than one catalytic unit. In those cases
immobilization with high loading degrees favours the presence of
high local concentrations (pseudoconcentration effect) and this
can contribute to facilitate the formation of the active species.>*>

A nice demonstration of the former principle was provided
in the case of polymer-supported chiral Co-salen complexes.>*®
Both silica (133) and polystyrene-bound (134) complexes were
used for the hydrolytic kinetic resolution of terminal epoxides
(Fig. 28). A clear correlation between the loading of the hetero-
geneous surface and the rate was observed in the case of silica-
supported catalysts, with the presence of a minimum level of
loading for the reaction to proceed. The polymeric backbone
used for the preparation of 134 contained a very low degree of
crosslinking (2%) and this seemed to provide enough flexibility
as to favour inter-complex interactions.

The structure of the POPs can be also adjusted considering
the mechanistic requirements of the catalyst to be immobilized,
by properly selecting the nature of the building blocks to favour

_N N_
Sl ,.:: < E / N ; >
Bu Bu t-Bu

Fig. 28 Silica and PS supported chiral Co-salen complexes displaying
positive pseudoconcentration effects in the kinetic resolution of terminal
epoxides.
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site-site interactions. Thus, Zhong et al. have designed flexible
porous organic frameworks integrating high loading of Co-salen
as the active sites, achieving higher activities than the homo-
geneous counterpart in the hydration of propylene epoxide
(TOF: 3300 vs. 2670 h™', calculated at a conversion <30%).**
The polymeric porous structure was prepared by poly-condensation
of cyclohexanediamine with 1,3,5-tris(3'-ter¢-butyl-4’-hydroxy-5'-
formylphenyl) benzene (TBHFPB) and the 3D-flexible salen network
was considered to enhance the cooperation of nearby Co-salen
units. Thus, the polycondensation of different building blocks
together with the chiral ligand and/or complex by a bottom-up
approach offers a wide range of new exciting possibilities.

Sun et al. reported the immobilization of a Noyori-Ikariya
asymmetric catalyst onto a superhydrophobic mesoporous
polymer prepared by copolymerization of N-p-styrenesulfonyl-
1,2-diphenylethylenediamine with DVB under solvothermal
conditions (Fig. 29). This Ru catalyst (137) presented a higher
activity than the homogeneous analogue for the asymmetric
transfer hydrogenation of acetophenone.?*® A bottom-up approach
allowed the design of a material with the appropriate porous
structure (pore size distribution of ca. 11.8 nm, BET surface
area of 481 m”> g~ and pore volume of 0.55 cm® g~') and
superhydrophobic character that provided a suitable mass
transfer of reagents and product to and from the catalytic sites.
Due to the wettability properties of the material, acetophenone
was absorbed preferentially and the catalytic sites within the
porous polymer were enriched with the reactants, leading to a
pseudo-concentration effect. The superhydrophobicity also
favoured an efficient transfer of the more polar product from
the polymer network to the water phase. Noteworthily, when an
analogous polymer without nanoporosity was used instead of
137, low levels of conversion were observed (< 5% yield). This is
in good agreement with the above mentioned results reported
by Itsuno using gel-type resins (Fig. 6).">*2°

Thus the immobilisation strategy determines again the
activity of the resulting immobilised catalyst. This can be
further highlighted by the immobilisation of BINOL-derived
phosphoric acids (Fig. 30). This chiral organocatalyst has been
supported by polymerisation of the corresponding monomeric
derivatives with styryl substituents in either the 3,3’- or
6,6'-positions of the BINOL skeleton with styrene and DVB.>*°

Alternatively, a microporous material with a BET surface
area of 386 m”> g~ was obtained by self-condensation of chiral

o) OH

40°C, HCOONa, H,0 :
CHs CH3
Cat, S/C: 100

135 136

137, TOF: 66.7 h™!, 94% ee

Fig. 29 Superhydrophobic mesoporous polymer prepared under solvo-
thermal conditions containing Ru-TsDPEN for the asymmetric transfer
hydrogenation of ketones.
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Fig. 30 General structures of polymer immobilized BINOL-derived phos-
phoric acids prepared through different approaches and used for the
asymmetric transfer hydrogenation.

1,1’-binaphthalene-2,2’-diyl hydrogenphosphate (BNPPA) with
9-anthracenyl groups in 3,3’-positions and a 3-thiophenyl group
at the 10-position of the anthracene units. These fragments
facilitate the condensation reaction by mild oxidative coupling
reaction in the presence of FeCl,.”"”

Using 5 mol% of these polymer-supported catalysts 138 and
139, a 20-24 h reaction time was reported to achieve full
conversion of the imine 141 into the corresponding 3-phenyl-
2H-1,4-benzoxazine (142) with 64% ee and 94% ee, respectively.
However, for the catalyst obtained by self-condensation through
oxidative coupling (140), the same reaction was complete within
2 hours with this catalyst being as fast as the homogeneous
catalyst. The surface area and pore volume of the microporous
polymer networks could be further tuned by co-polymerisation of
the chiral building block in the presence of 1,3,5-tris(2-thienyl)-
benzene. The resulting reaction rate for the same reaction was
enhanced by increasing the accessible surface area and pore
volume of the microporous polymer network. These copolymers
were more active than the corresponding homopolymer 140.>°

Jiang and co-workers have exploited the post-modification of
the walls of an achiral COF to immobilise in the open channels
chiral organocatalytic moieties while retaining the crystallinity
and porosity of the framework (Fig. 31).>°>>'® The mesoporous
imine-linked COFs were prepared by condensation of different
di-aldehydes with triamines or tetramines. The presence of
ethynyl groups on the walls of the pores allowed their further
click reaction with pyrrolidine azide to quantitatively yield the
corresponding post-functionalised COF. The materials 143 and
144 have been tested for asymmetric Michael reactions in water,
displaying better activities than the homogeneous analogue,
while retaining enantioselectivity. The results suggest that the
crystallinity and porosity of COFs play a vital role in determining
their catalytic activities. Analogous amorphous and nonporous
polymeric catalytic systems required significantly longer times to
complete the reaction (43 and 65 h vs. 1-2 h for the COF). It is
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Fig. 31 General structures of imine-linked COFs postfunctionalized with
pyrrolidine units on the walls of the porous framework.

worth mentioning that the catalytic activity depends upon the
density of the active sites on the pore walls. A high density of
pyrrolidine units in the pores induced a steric congestion
impeding the mass transport through the channels.

Davies and co-workers have reported the immobilisation of
dirhodium tetracarboxylate complexes derived from N-aryl-
sulfonyl prolines (147 and 151) and their use as catalysts for
the asymmetric cyclopropanation of alkenes using methyl
aryldiazoacetates.>"''* For that purpose, they developed a
pyridine containing resin in order to axially coordinate the metal
centers in the active complexes (Fig. 32). The resulting supported
Rh species based on 149 and 153 showed a higher activity
than their homogeneous analogue (derived from 148 and 152,
respectively) even considering that donor groups such as pyridine
tend to deactivate dirhodium tetracarboxylates.”'”> Some data, in
particular the fact that a supported active complex could be also
obtained from a resin containing no pyridine moieties (150
and 154), suggested that immobilisation could take place due
to a microencapsulation effect.>'®?!” The differences in activity,
in this case, were attributed either to a pseudodilution effect or
to the microenvironment inside the polymer.

The “microencapsulated (MC) catalysts” and ‘“polymer
incarcerated (PI) method” can be considered as a limiting case

This journal is © The Royal Society of Chemistry 2018
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Fig. 32 Dirhodium tetracarboxylate complexes derived from N-arylsulfonyl
prolines immobilised on resins containing pyridine.

in between soluble and insoluble supports.>'” In MC, catalysts

are physically entrapped by a polymeric network (polystyrene
derivatives in many cases) and at the same time immobilized by the
interaction between the m electrons of the benzene rings
of polystyrene and vacant orbitals of the catalysts (metal com-
pounds). In the PI method, a catalyst is first physically microencap-
sulated in a dynamic system and then the microcapsules formed are
crosslinked to afford the desired heterogeneous system. In these
systems diffusion through the walls of the “capsule” is a key factor
to determine the catalytic activity. In some particular cases, as
pointed out before, the microencapsulated catalyst can be more
active than the homogeneous counterpart, as is the case of micro-
encapsulated Sc(OTf);. Kinetic data revealed that its activity was
higher than that of monomeric Sc(OTf); for aldimine-selective
reactions, most likely because of the higher stability of aldimine-
Lewis acid complexes using polymer-supported acids.*'®**°

Soluble polymers as supports

Taking into account some of the previous considerations, it
seems reasonable that examples of supported species being
more active than the homogeneous ones can be also found for
soluble polymeric supports. For soluble polymers diffusion issues
encountered in crosslinked resin can be minimised.** *>>%°
Soluble polymers, especially when prepared by controlled poly-
merisation, provide a facile control on the incorporation of
catalytic sites either as pendent groups or at the main polymeric
chain and an easy adjustment of the nature of the polymer
matrix and the catalyst loading, just by using the suitable
polymerization technique and monomeric mixture.

Thus, for instance, Fan et al. studied the soluble polymer 155
containing BINAP subunits for the Ru-catalyzed asymmetric

This journal is © The Royal Society of Chemistry 2018
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Fig. 33 General structure of soluble polymers containing BINAP fragments
in the main chain studied for asymmetric Ru-catalysed hydrogenations.

hydrogenation of 2-(6’-methoxy-2’-naphthyl)acrylic acid (157)
to form naproxen (158, Fig. 33).>>' A complete conversion was
obtained with 155 after ca. 4 hours, while 8-9 hours were
required with the use of the non-polymeric analogue 156 and
48 hours for (S)-BINAP itself. Similar increases in activity have
been found for other related systems in which the (25,45)-
pentanediol component was substituted by polyethyleneglycol
chains.”**?>*

Soluble polymer-supported chiral phosphoramides (159
and 160) have been reported to be significantly more efficient
than the corresponding homogeneous analogue (161) for the
organocatalytic allylation of benzaldehyde with allyltrichloro-
silane (Fig. 34).>**

It is important to bear in mind that upon immobilization of a
given catalyst, significant changes in the mechanism may occur,
including changes in the molecularity of the active complexes, as
shown, for instance, for supported Sharpless alkene epoxidation
catalysts.”®® For these supported chiral phosphoramides,
the loading of the catalytic sites on the polymer is rather
high (DF = 37-100% of the aromatic rings functionalised).

159, x/y: 1:0, 1.4 ™!, 63% ee
v x 160, x/y:0.71:0.29, 1.36 h™", 63% ee

ot
(]:Ha N",”Q
;
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N—P {
1 N

HC O )

CH
HC © g
8 161,0.71 b, 40% ee
o oH
. Cat., 10 mol% H
H + A~SiCh N
iProNEt, CH,Cl,
32 162 -78°C/6h 163

Fig. 34 General structure of soluble polymers containing chiral phosphor-
amides as pendant groups for asymmetric organocatalytic allylations.
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Hence, the pseudo-concentration on the polymeric matrix
facilitates site-site interactions.

The 2.4 times increase in activity observed for phosphor-
amide chiral Lewis bases 159 supported on soluble polystyrene
can be assigned to an increase of the local concentration of the
phosphoramide units around the polymer chain, as it has been
shown that from the two possible transition states detected
in solution for the allylation of aromatic and unsaturated aldehydes
with allyltrichlorosilanes, the one involving two phosphoramides
presents higher reactivity.”** 2>

The increased local concentration on the support facilitates
faster catalytic processes involving bimetallic pathways with lower
substrate to catalyst ratios. This has been exploited to improve the
activity of metal-salen catalysts by varying the density of catalytic
sites along a polymeric backbone.****%2%2

Based on this approach, Weck and coworkers developed
highly active polymeric Al-salen complexes for the asymmetric
addition of cyanide to o,B-unsaturated imides with high
yields and enantioselectivities (Fig. 35).** The catalyst 166
was designed by incorporating a flexible poly(norbornene)
backbone and a long linker to facilitate the bimetallic pathway
and four quaternary carbon atoms at the periphery of the
catalytic site to improve selectivity. With this rational design
the reaction progressed significantly faster with the supported
catalyst than with its small molecule analogue. The catalytic
transformation using 15 mol% of 166 was complete within 6 h
while the same catalyst loading for the non-supported analogue
resulted in less than 50% conversions. At lower catalytic loadings
(5 mol%), a similar activity was maintained while for the homo-
geneous analogue less than 5% of the product was found.

The incorporation of different monomeric units in the poly-
meric framework may lead to cooperativity. Xie et al have
synthesised a pH-responsive soluble polymer by copolymerization
of dimethyl aminopropyl acrylamide and N-p-styrenesulfonyl-1,2-
diphenylethylenediamine.*** The N-alkyl moieties appeared
to play a cooperative role accelerating the Ru-catalysed asym-
metric transfer hydrogenation of ketones in water, whereas the
mono-N-tosylated derivative moiety played a pivotal role in
chiral induction (Fig. 36). The polymer 167 exhibited excellent

ity
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Fig. 35 General design of polymeric Al-salen complexes for the asym-
metric addition of cyanide to a,p-unsaturated imides involving bimetallic
pathways.
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Fig. 36 General structure of the pH-responsive soluble linear polymer
containing TsDPEN units and dimethyl aminopropyl fragments providing a
cooperative effect to increase the activity of the Ru-catalysed asymmetric
transfer hydrogenation.

pH-induced phase-separation behaviour in water. It could be
dissolved in water when the pH of the solution was lower than
6.5 and precipitated completely from water when the pH was
above 8.5. Furthermore, the catalyst shows an enhanced activity
in comparison with the soluble counterpart.

The polymer architecture can be designed using different
controlled radical polymerisation (CRP) techniques to influence
and tune the reactivity of catalysts in interesting ways. For
instance, linear amphiphilic block copolymers, obtained by
CRP, can self-assemble in water into nanomicelles, which
may provide a hydrophobic environment to lower the inter-
facial energy of the reaction system and promote organic
reactions in water.’® In this regard, O’'Reilly and co-workers
have covalently attached to the hydrophobic core of a polymeric
micelle 4-(dimethylamino)pyridine (DMAP) catalytic moieties
for acylation reactions in water employing non-water-soluble
substrates. The reactivity of the tethered organocatalyst within
the nanostructure was found to be extremely high, improving in
some cases the acylation rates up to 100 times compared
to those for unsupported DMAP in organic solvents.>*>*3¢
Based in those principles, they developed a series of efficient
immobilised chiral organocatalysts. For instance, r-proline
tethered to amphiphilic block copolymers (169), synthesized
via reversible addition-fragmentation chain transfer (RAFT)
polymerisation, self-assembled in water leading to highly active
catalytic nanoreactors providing an effective concentration of the
hydrophobic reagents, thus increasing their effective molarity,
based on the difference in core-shell polarity (Fig. 37).**”

8 33

o] CHO =
cat., 24 hours -
* —_— : HN
water NO, CO.H
31 16
NO,

169 10 mol%, TON: 9 anti/syn: 97/3, 98% ee
5 mol%, TON:16 anti/syn: 95/5, 94% ee
1 mol%, TON: 96 anti/syn: 99/1 93% ee

Fig. 37 Amphiphilic linear polymer with proline organocatalytic units able
to form nanomicelles in water catalysing aldol reactions.
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Low catalyst loadings (1 mol%) of this micellar system catalysed
the aldol reaction in water more efficiently than the unsupported
L-proline in organic solvents at 10% loading. The modularity of
the CRP also allowed the introduction of thermoresponsive
polymeric block units in the immobilised systems enabling the
control of solubility and activity by temperature.”*® Noteworthily
other stimuli such as the ion concentration could also be used to
tune the catalytic activity of related block polymeric systems.>*°

Zhang et al. have reported the immobilisation of a Mn-salen
complex onto soluble “smart” poly-N-(isopropylacrylamide)
(PNIPAAmM) by axially coordinating a supported amine group to
the metal center. The resulting macromolecule (170) containing
hydrophobic and hydrophilic blocks spontaneously self-assembled
in water to form micelles with a hydrophobic catalytic core and a
hydrophilic surface.”* A significant acceleration in the reaction
rate for the epoxidation of olefins was observed reaching an
unprecedented TOF value (2.48 x 10° h™") in the aqueous
epoxidation of styrene, being up to 6 times more active than
the homogeneous Mn-salen neat complex (Fig. 38).

Again, a “pseudo-concentration effect” at the core of the
aggregate was used to explain the activity enhancement. The
hydrophobic core provides a microenvironment with a high local
concentration of catalytic sites along with the concentrated
hydrophobic substrates, while the hydrophilic surface guarantees
water solubility and the self-assembly of the polymer in the
corresponding micelles. The advantages of this approach are
further developed with the introduction of a thermo-responsive
polymeric block in the polymeric framework.**' The amphiphilic
nature of the polymeric catalyst allowed self-assembly in a
micellar system while the thermo-sensitive properties facili-
tated its recovery. Thus, a chiral Ti-salen complex tethered
to a hydrophobic block of a thermo-responsive amphiphilic
copolymer (poly(N-isopropylacrylamide-co-N,N-dimethyl acryl-
amide), poly-(NIPAAM-co-DMAAM)) displayed an outstanding
catalytic activity and selectivity in the asymmetric sulfoxidation
in water for a wide range of methyl aryl sulfides.

A similar catalytic enhancement in water has been reported
for the cyclopropanation reaction catalysed by copper-bis-
(oxazoline) complexes immobilised on the hydrophobic domain
of a polymersome membrane (173). These crosslinked polymer-
somes were obtained by a click reaction of a well-defined
soluble block polymer poly(ethyleneglycol)-b-poly-(styrene-co-4-
vinylbenzyl-azide) with a C,-BOX modified with an alkyne
functionality (Fig. 39).>** The conversion obtained with the catalytic

o
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1 " X 9/ o
\/\N/Mn/ O ©/\ 0.8 mol% cat./ water, 2 °C
Ho oo pyridine N-oxide/NaCIO,
o N -0
tBu : 171 Y

pH=115

70 e 170, TOF: 2.48 x 103 h", 39% ee

Neat [Mn(Salen)], TOF: 0.40 x 10° h™!, 5% ee

Fig. 38 Amphiphilic linear polymer containing Mn—-salen fragments able
to form micellar structures in water and catalyse the epoxidation of
alkenes.
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Fig. 39 General structure of polymersomes containing Cu—-BOX subunits
used for the enantioselective cyclopropanation of styrene.

polymersomes was comparable with the conversion of the parent
catalyst in CH,Cl, and, more importantly, surpassed the activity
found for the homogeneous Cu-BOX in water. The catalyst inside
the polymersomes is surrounded by a hydrophobic environment
from which water is excluded, favoring the desired process since
water affects both conversion and enantioselectivity of the
asymmetric cyclopropanation reaction. This also produced sub-
strate selectivity. Hydrophobic substrates were readily converted
into the corresponding cyclopropane products, while hydrophilic
substrates did not undergo the reaction. The same strategy has
been used, with similar positive effects, for the asymmetric aldol
reaction in water catalysed by immobilised 1-proline.>*?

Meijer and coworkers prepared random terpolymers, by
controlled RAFT polymerization, bearing in their structure a
catalytic unit, a block polymer defining the solubility and an
additional block containing chiral benzene-1,3,5-tricarboxamide
groups for self-assembly (Fig. 40).>***** This additional block
defines the folding of the polymer in water to form a confined
reaction space, mimicking the specific folding of proteins.>*® In
the case of the polymer 174 containing r-proline as the catalytic

0.10 0.8 0.05
[©]

5 .
O "0 0O o~ 0
R.
NH  HN >0 N coH
(o] o 174,
TOF: 0.3215 h™, de(anti): 92%, 71% ee(anti)
174 L-Proline, traces
HN™ ~O

o CHO O OH
ij © cat., 24 hours ii)\@\
+ — =
water NO,
31 NO, 168 33

Fig. 40 General structure of a responsive terpolymer prepared by
RAFT polymerization and containing proline catalytic units active for the
aldol reaction.
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Fig. 41 Influence of the polymerization protocol on the activity of proline

incorporated into polymeric ionic liquids.

unit, the polymer behaved as an enzyme mimic, as its catalytic
activity was only expressed in its folded conformation. The
structure of the polymer could be fine-tuned to obtain an
exceedingly active catalyst.

Chiral monomeric imidazolium salts have been used to
build up polymers with a well organised secondary structure
(Fig. 41).>*” The right self-assembly of the monomeric units
generated a highly ordered macromolecular structure with a
complex hierarchical architecture, which can provide an adequate
microenvironment for an efficient catalytic activity. A highly active
and selective system for the aldol reaction was obtained for
reactions both in water and in the presence of water. Thus, for
instance, in acetone containing some water (H,O-acetone 1:4)
the polymeric catalysts obtained were up to ca. 6.6 x 10° times
more active than their corresponding monomeric counterpart,
while in water the only active catalyst was the polymeric one. This
enhancement in catalytic activity was related to some degree of
chirality transfer to the main polymeric chain, producing a more
properly organised polymeric structure and, therefore, a more
efficient catalyst. A better transfer of the chirality was obtained for
the polymers prepared by RAFT polymerization (177). The catalysts
prepared by RAFT polymerization of the chiral monomer were
more active and enantioselective than the ones prepared by ATRP
(atom transfer radical polymerisation) or grafting.

Similar trends have been also observed for a range of well-
defined copolymers of styrene and styryl functionalized r-proline
prepared by RAFT polymerisation.>*® The self-assembly of
these functionalized copolymers into well-defined aggregates in
DMF/water provided a unique microenvironment for r-proline
positively influencing the catalysis of the aldol reaction.

Multi-catalytic systems. Wolf and Lamb approaches

Finally, the preparation of active multi-catalytic systems
based on the use of mutually incompatible individual catalysts
constitutes a special case of catalytic activity enhancement
using polymeric immobilised catalysts.*** The combination in
solution of two non-compatible catalysts produces an inactive
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Fig. 42 Multicatalytic system based on the encapsulation of PEl in a
polyurea capsule.

dual catalyst system. On the contrary, different tools have been
developed for the immobilization of those catalysts on poly-
meric phases so that site isolation is achieved to produce an
active dual catalytic system.”>*>>" Novel approaches to exploit this

possibility include the use of sol-gel and star polymers,***?>* as

well as polymeric microcapsules.”>*>*®

One of such examples is shown in Fig. 42>°° The reaction of
nitromethane with an alkylaldehyde is catalysed by polyethylen-
imine (PEI) 181, which may also catalyse the addition of a second
molecule of nitromethane. On the other hand, the Ni-based
Lewis acid 182 catalyses the addition of dimethylmalonate to
B-nitroalkane to give the corresponding Michael adduct.”®’
When both catalysts were mixed in solution, free PEI strongly
coordinated with Ni, making it inactive and only low yields of
the Michael adduct (<5%) were obtained.

The microencapsulation of PEI, via interfacial polymeriza-
tion using polyethylenimine (PEI) and a diisocyanate, prevents
interaction between the polyamine and the nickel catalyst. By
this isolation of the two catalytic sites, the Michael adduct was
obtained in good yield and enantioselectivity. It should be
noted that not only did the polymeric shell allowed a right
isolation but the ureas present in the shell of the PEI-
microcapsules also contributed to accelerate the nickel-
catalysed Michael addition.*®

The anchoring of two incompatible catalytic functionalities
(acidic and basic) to two different solid matrices also allows
achievement of one-pot multistep reactions. It has been shown,
for instance, how a sulfonic acid resin could be used as the
acidic catalyst, while a superparamagnetic spinel ferrite nano-
particle functionalized at the surface with amino groups was the
basic catalyst.>*® The very different nature of the solid supports
provided the development of simple separation protocols for the
individual catalysts.

Shell cross-linked micelles (SCMs) can also be used to
compartmentalise two incompatible catalysts (e.g. an acid catalyst
in the shell and a base in the core). The immobilisation of a
dual-catalyst was achieved by using an amphiphilic triblock

This journal is © The Royal Society of Chemistry 2018
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Fig. 43 Compartmentalisation of sterecincompatible catalysts at the core
and shell of SCMs for one-pot asymmetric cascade processes.

copolymer of poly(2-oxazoline) with orthogonal functional
groups on the side-chain that could covalently cross-link the
micelle and separate two incompatible catalysts in two isolated
domains of a single micelle (183). This bifunctional SCM was
used in the acid-base catalysed one-pot tandem deacetalization-
nitroaldol reaction showing excellent catalytic activity,”** and also
for the compartmentalisation of stereoincompatible catalysts
for one-pot asymmetric cascade reactions.”®" The Co-catalysed
hydration of an alkyne proceeded in the hydrophobic core, while
the Rh-catalysed asymmetric transfer hydrogenation of the inter-
mediate ketone into a chiral alcohol took place in the hydrophilic
shell (Fig. 43). While the tandem reaction also worked when the
two catalysts were immobilized on different micelles, the multi-
compartmentalized micelle containing both catalysts gave signifi-
cantly better results.

The site isolation properties of non-interpenetrating star poly-
mers have been exploited for encapsulation of multiple, otherwise
incompatible, catalysts for asymmetric cascade reactions that
involve iminium, enamine, and H-bonding catalysis (Fig. 44). In
the case of the encapsulation in the core of soluble star polymers,
an efficient one-pot multi-component asymmetric cascade reaction
could be carried out with the participation of three different
substrates and a catalytic combination involving four species,
two of them polymer-bound (185 and 186) and two small mole-
cules (187 and 188). For this system, the multistep reaction took
place with good yield and enantioselectivity, while the use of a
combination of the corresponding small molecules and/or linear
polymer analogues led to little or no cascade reaction.>*

Stability

As mentioned, facilitation of the reuse and recycling of supported
chiral catalysts represents one of the most important advantages
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associated with them. This, along with some of the intrinsic
properties of the corresponding support, can contribute signifi-
cantly to enhance their stability and increase their lifetime. In
this context, it is necessary to consider both the possibility of
reusing the catalyst in successive runs (as many as achievable)
and/or for long periods of time and the possibility of its
regeneration once the system is not efficient anymore, which
is particularly relevant for chiral catalysts where the chiral
component and the functional support itself can be the most
costly components of the system.

Number of runs

The general idea that immobilization onto a support contri-
butes to greatly improve the stability of reagents and catalysts is
well established and has been confirmed by data from diverse
laboratories. Since the initial reports by pioneering researchers
in the field, the use of supported chiral catalysts needs to
demonstrate their capacity to be used for several runs.*®
Although many reports just describe the results for a limited
number of reuses (4-5 cycles), examples can be found on systems
reused, in batch experiments, for 15 or more runs.”**"'*** The
incorporation of cinchona-derived fragments into polymeric
matrices has been exploited by different groups active in the
field of organocatalysis often with excellent results.”’®® The
immobilization of mono- and bis-cinchona alkaloid derivatives
on polystyrene resins using click chemistry for the attachment
to the support has allowed the preparation of very stable
organocatalysts.”*® Some polymer-supported dimeric cinchona
systems (193, Fig. 45) were able to efficiently catalyze the asym-
metric amination of 2-oxindoles for 100 runs, with more than
5300 h of active life, maintaining the activity (>99% yield) and
the enantioselectivity of the final product (>90% ee).>®”
Textiles have been recently reported as excellent polymeric
supports for the immobilization of a variety of organo-
catalytic systems using photochemical approaches for their
functionalization.>®® The incorporation of a chiral cinchona
derivative provided an efficient chiral organocatalyst for the
alcoholytic desymmetrization of a cyclic anhydride that could
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Fig. 46 Polymer supported TRIP used for the asymmetric allylboration of
aldehydes.

be reused for 300 runs.>®® The activity and the corresponding
enantioselectivity were maintained essentially constant for the
first 200 cycles and the further deactivation could be compen-
sated, at least partly, by an increase in the catalyst loading.

It is worth mentioning that in some instances the reuse of
the catalyst is carried out not on the same process but for
alternative processes.”’® An example is the use of polystyrene-
supported TRIP phosphoric acid catalyst (197) for the asym-
metric allylboration of aldehydes (Fig. 46).”" This catalyst was
used under batch conditions for 18 reuses with different
substrates without detecting any deactivation and with excellent
yields and enantioselectivities in most cases.

Number of runs versus slow deactivation. The number of
runs the catalyst can be used provides only limited information
on the contribution of immobilization to increase the stability
of the catalyst. The reused catalyst must behave efficiently in
terms of both activity and selectivity. A full assessment should
require the analysis of changes in the kinetics of the processes
of interest with the reuse or at least obtaining the corres-
ponding TOF values for intermediate conversions. This has
only been studied in a limited number of processes.’®?”162:26>
A polymer-supported Ru-BINAP catalyst was prepared by
ROMP of the corresponding Ru-BINAP derivative and it could
be reused for more than 30 cycles achieving excellent
yields (>99%) and enantioselectivities (95% ee) for the asym-
metric hydrogenation of 1’-acetonaphthone, after a proper
optimization of the corresponding protocol for the reaction
and for recovery.””> The turnover frequency was calculated to
be 750 h™' at 75% conversion for all the individual runs
demonstrating that during the successive cycles the catalyst
maintained the same activity as the original catalyst and the
homogeneous analogue.
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In different instances, some deactivation of the supported
catalysts is observed for the first run(s) up to achieving a
constant level of activity. In this case, it is assumed that the
most accessible sites are more easily deactivated. Very often, in
particular in the case of organometallic catalysts, those acces-
sible sites correspond with metal species that are not linked to
the supported ligands but just physically entrapped. Although
the room temperature solventless octane hydrosilylation cata-
lysed by supported Pt complexes reported by Drake et al. does
not involve chiral catalysis, it illustrates very well these issues as
much as an extensive analysis of leaching and recycling.?”* The
activity of the supported-Pt catalysts decreased with the first
uses up to reaching an activity plateau, but isomerization
decreased for the reused systems, being much lower than that
observed for the homogeneous catalyst. The long-term stability
of one of the supported catalysts was evaluated after 17 months
of its synthesis (stored in contact with air) and 14 months
after the first extensive recycling test. The activity for the
hydrosilylation process was slightly reduced initially, but fell
off with further recycling. However, the level of isomerization
was very low and remained so through the reuse. The authors
explained this reduction in activity and the concurrent improve-
ment in selectivity based on the oxidation of unbound or weakly
bound Pt located on or near the resin surface to PtO,. As
isomerization has been associated with the presence of unbound
metal in solution, the former oxidation process would lead to a
reduction in both activity and isomerization.

Long-term experiments. A small continuous reduction in
activity and sometimes in selectivity/enantioselectivity can be
observed for different supported chiral catalysts in long-term
experiments. Sometimes, this is counterbalanced by increasing
the reaction time during the new runs. Nagashima and
Davies studied a series of bridged dirhodium tetraprolinates
supported on an Argopore-Wang resin functionalized with a
pyridine fragment able to coordinate to the metal (Fig. 32) and
which were capable of maintaining at a steady level over 15
cycles the yield (87-91%) and the enantioselectivity (85-88% ee)
for the cyclopropanation of styrene with methyl phenyldiazo-
acetate, but at the expense of increasing the reaction time from
18 to 92 minutes (6 times increase).”"''* This long-term
stability is also sensitive to the nature of the reactions and/or
substrates under study. The above mentioned iridium based
polymer-supported chiral-at-metal Lewis acid catalyst 3 (Fig. 1)
retained 95% of its catalytic activity for five runs and could be
used for 15 cycles by increasing the reaction time from 48 to
112 h with the same yield (99%) and selectivity (96% ee)
as in the first cycle.”® In the case of the titanium catalyst
derived from silica-supported BINOL (201) shown in Fig. 47,
the ethylation of 4-chlorobenzaldehyde using Et,Zn was studied
for 10 runs with only a small reduction in yield (from 91 to 85%)
and enantioselectivity (from 96 to 90%), while the arylation of
1-naphthaldehyde with PhMgBr was reported to occur with
85% yield (94% ee) in the first run and 99% yield (88% ee)
for the tenth, although some variability of results within this
range of values was obtained for this process for the whole
series of experiments.”’* The ethylation of 1-naphthaldehyde
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Fig. 47 Silica supported BINOL used for the Ti-catalysed alkylation and
arylation of aldehydes.

with Et;B showed excellent reproducibility in terms of yield
and enantioselectivity for ten consecutive runs (85-89% yield
and 96% ee).

Air-moisture

In general, the stabilisation effect is particularly marked when
very reactive, water and air sensitive species are involved. In the
case of PS-DVB and related resins, the hydrophobicity of the
matrix is likely to contribute to avoid decomposition of such
systems. The formation of hydrophobic cavities around the
active sites can improve the stability of air/water sensitive
species. The introduction of air or moisture in the polymeric
matrix was associated with a very small decrease in activity
observed for polymer-supported Rh-phosphine-phosphite
catalysts in asymmetric hydrogenations (<3% after 11 runs,
97% ee for all runs).>”> The small Rh leaching detected in the
first cycles did not affect the efficiency of reuse and this leaching
was attributed to physically adsorbed Rh species. In the self-
supported Mn-salen chiral system reported by Roy et al. for the
epoxidation of non-functionalized olefins, the oxidative degrada-
tion of the complex was considered to be responsible of the
deactivation.””® After modification of the oxidant and optimiza-
tion of the recycling process the system could be used up to
8 times maintaining the yield and enantioselectivity, but at
the expense of an increase in the reaction time. Bissesar et al.
have described the preparation of a self-supported Ni(u) metallo-
polymer capable of acting as an efficient catalyst for the Michael
reaction.>”” They reported that the self-supported system pre-
sented a high air and moisture stability and no change was
observed after being maintained in air for two weeks, while the
related mononuclear Ni(i) complex decomposed after two days’
exposure to air. In some of the reactions studied, the catalyst
could be reused for up to 11 runs maintaining the activity and
enantioselectivity (85-83% yield, 99-97% ee). In order to design
stable supported species, two factors must be kept in mind:
(i) the existence of a robust and appropriate link between the
ligand and the support and (ii) the chemical stability of the
catalytic entities being immobilised. Even though these points
seem to be quite obvious, they should be carefully considered.

Deactivation through the metal

In many organometallic complexes deactivation of supported
catalysts is generally related to the leaching of the resin-bound
catalytic metal or to the possibility of forming deactivated metal
species that remain in the polymeric matrix.>”*
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Fig. 48 Polymer supported Ti and Al complexes of immobilized
tartrate esters used as Lewis acid catalysts for the Diels—Alder reaction
of methacrolein and cyclopentadiene.

When supported catalysts derived from tartaric acid based
ligands (Fig. 48) were assayed for the Diels-Alder reaction
between methacrolein and cyclopentadiene,>”® a sharp contrast
was observed for the Al and Ti derivatives of the polymer-
supported ester of tartaric acid (202). When the corresponding
catalysts were assayed for the Diels-Alder reaction, a rapid
decrease in the performance (for both activity and selectivity)
was detected for 204. A different situation was found, however,
for the Ti catalyst 203 based on a stronger chelate complex. In
this case a decrease in activity was observed for the first runs
but after the fourth run the activity remained essentially con-
stant for a long period. A significant metal leaching was not
detected either for Al or for Ti species, which suggests that in
these polymer-supported catalytic systems decomposition of
the catalytic site can be accompanied by the formation, inside
the polymeric matrix, of insoluble species (i.e. metal oxides). The
blockage of the porous structure is a common deactivation
mechanism for catalysts based on microporous or mesoporous
supports, in particular those of inorganic nature.?”®

In the case of polymer-supported TADDOLates prepared by
Seebach, the kinetic studies revealed, in general, a decrease in
activity for successive runs.”®'*71771%9 Only the functional
polymer prepared from dendrimer 99 (Fig. 20) retained the
original rates. It is interesting to note that this polymer was
the only one to maintain the original swelling properties. This
suggests that the deactivation mechanism can follow a similar
pattern with decomposition of some catalytic sites accompa-
nied by precipitation, inside the polymer, of inorganic particles,
which decreases swelling and accessibility to the remaining
catalytic centers.

The enantioselective epoxidation of olefins using chiral
Mn(m)-salen catalysts is a useful synthetic transformation that
suffers from deactivation through the formation of inactive
p-oxo-Mn(wv) dimeric species, and a variety of supports have
been studied in order to minimize this deactivation process
and facilitate recovery and reuse.”®® Huang et al. have reported
on the use of a variety of hybrid organic-inorganic supports for
the immobilization of Mn-salen catalytic species and found
that leaching and formation of p-oxo-Mn(v) species were the
main deactivation mechanisms.*®" Although the catalysts were
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reused for 9 cycles, some of the optimal systems revealed that
the conversion decreased from 99% to 67% and the enantio-
selectivity from >99% to 62% ee, while the Mn content

decreased from 0.73 to 0.45 mmol g~ *.>%?

Non-covalent immobilisation and leaching

Of course, leaching and the associated deactivation are often
found in chiral catalysts supported through non-covalent
interactions.’®*%® This is a common situation when inorganic
supports are employed.*** However, the commercially available
Rh-(S,S)-EthylDuphos has been anchored efficiently via ionic
interactions on phospho tungstic acid dispersed on the surface
of aluminum oxide and the stability could be improved by
combining a continuous flow process with an appropriate reactor
design, allowing for the preparation of an active pharmaceutical
ingredient in kilogram scale with excellent enantioselectivity.?*>
The reactor set-up used suggests that the activation of release and
catch strategies can be essential in this regard to limit the
leaching and maintain the activity. Developing release and catch
strategies is also important to implement the stability in systems
based on MNPs (in particular PANPs) supported on functional
polymeric surfaces.””*?*® When cellulose was used as a support
for RhNPs and the system applied for the enantioselective
1,4-addition of arylboronic acids to enones and enoates in
the presence of chiral diene ligands, no Rh leaching was
detected in the reaction mixture.”®” In the case of a Cu(n)
exchanged zeolite modified by direct adsorption of cinchoni-
dine and applied to the asymmetric Henry reaction, the authors
studied in detail the deactivation mechanism and observed that
after the reaction, the cinchonidine fragments were no longer
attached to copper but hydrogen bonded to surface silanols.>*®
The immobilization of the Noyori catalyst Ru-(R-BINAP) by
encapsulation in silica nanocages has been used for the
enantioselective hydrogenation of B-ketoesters showing a very
good stability, with around 1% Ru leaching after the first cycle,
but only ca. 0.3% leaching for the second run.*®® The reaction
conditions can be very important. Chiral Rh phosphine-
phosphite catalysts have been immobilized on sulfonated
polystyrene resins and studied for the enantioselective hydro-
genation of olefins.>®® When the reaction was carried out in
MeOH, a significant Rh leaching was detected (9-18%) for each
run, while the leaching was much lower when the solvent was
changed to water (< 1%). Leaching is also a problem associated
with chiral organocatalysts based on amines or polyamines
immobilized on acidic resins through protonation and electro-
static interactions and some strategies have been devised for its
minimization.>*'*>

Detachment-transformation of the ligand

The importance of the nature and chemical stability of the
chiral ligand for long-term stability was clearly illustrated
by Hodge and co-workers.”*®> When the supported gel-type
camphor derivative 205 (Fig. 49) was used as the catalyst in
the reaction of aldehydes with Et,Zn, the first catalytic cycle
afforded a chemical yield >95% with >94% ee. However, after
being used for ca. 275 h the chemical yields and ee values
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Fig. 49 Examples of polymer supported amino alcohols studied for the
ethylation of aldehydes with Et,Zn.

dropped to 50-60% and to 81-84%, respectively (a decrease
of ca. 2.5% in chemical yield and ca. 1.0% in ee per run).

It is worth mentioning that the study was carried out in a
continuous flow system in order to avoid physical abrasion of
the beads through their extensive use and for easy recycling.
Data suggested that the secondary f-amino alcohol would be
gradually transformed into a f-amino ketone losing its catalytic
properties. In the light of this, the same authors designed a
more robust and chemically inert supported chiral moiety (206)
based on prolinol.>** The corresponding polymers could be success-
fully used in batch at least nine times without any significant loss of
activity or enantioselectivity, showing the importance of choosing
the right arrangement of linker, ligand, matrix and reaction condi-
tions in order to achieve a good long-term stability. In the case of the
iridium catalysts 2-3 presented in Fig. 1, the authors reported that a
good stability was only achieved when the ligand was attached to the
resin through an amide bond, while the related system containing
an ester bond was much less stable, which was attributed to
the more robust amide linkage.” This is also illustrated in the case
of 1-proline derivatives supported as the corresponding zirconium
phosphates (207) or phosphonates (208) (Fig. 50).>*> While the
phosphate link was shown to be relatively unstable, the phos-
phonate bond was stable allowing the recovery of the catalyst by
centrifugation (>92%) and its reuse for 6 successive runs.

| Zr Inorganic layer | | Zr Inorganic layer |

Yy T Py (5] 151 Y
080 06 090 020 00 O%O oo
Ff ' Fi P |‘: P rf
o CHy o) CH, Ph
CO,H CO,H ¢} 0
207 A 208 A
207
. : HN HN
1st cycle: 75% conv., anti/syn 91/3, 93% ee 'CO,H 'COH

3rd cycle: 51% conv., anti/syn 46/54, 43% ee
208
1st cycle: 94% conv., anti/syn 91/3, 96% ee
6th cycle: 88% conv., anti/syn 90/10, 96% ee

o CHO O OH
é <> Cat -
+ [ H
DMF/H,0 NO,
31 NOZ‘“ 33

Fig. 50 Proline supported on zirconium through phosphate or phosphonate
bonds and studied as an organocatalyst for aldol reactions.
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Fig. 51 Polymer supported fluorinated organocatalyst derived from proline
and studied for the enantioselective Michael addition.

Another factor to be considered is the limited mechanical
stability of lightly crosslinked polymers, which may affect
negatively their long-term use in particular under mechanical
stress (i.e. magnetic stirring). The polymer 209 (Fig. 51) containing
a fluorinated organocatalytic fragment has been prepared by
suspension polymerization and assayed for the enantioselective
Michael addition of propanal and (E)-B-nitrostyrene.>

Recycling experiments showed that a full conversion main-
taining a high enantioselectivity (>95% ee) could be obtained
for 7-8 runs, but at the expense of increasing the reaction time
from 1.5 to 24 h. This loss of activity was partly attributed to the
mechanical degradation of the polymer. The use of continuous
flow systems, as will be discussed below, has been reported to
improve the stability of supported systems by reducing this
mechanical degradation,”***** and this was also exploited in the
case of the supported organocatalyst 209, allowing its continuous
use for 13 h with a single substrate to obtain multigram amounts
of the desired product or to sequentially use this flow setup with
13 different substrates for a total of 18.5 h of use.

Mechanical stability can also be achieved by the use of
more rigid polymeric matrices. On the other hand, the higher
mobility of the functional groups in resins with a low degree
of crosslinking can also affect negatively the stability of the
resulting species, in particular when the catalytic centers can be
deactivated, or lead to diminished selectivity, through site-site
interactions.?®27298

The use of macroporous polymers with a high and adjus-
table crosslinking degree and the desired porosity would limit
those deactivation processes and increase the turnover and
the lifetime of the polymer.>*>>81296299 Ag 3 matter of fact,
monolithic macroporous materials can be some of the most
suitable materials for the preparation of flow systems due to
their porosity properties.'”®*”*3°%3%! The morphology of these
macroporous materials, when appropriately tailored, avoids
diffusional problems and allows them to act as stable and easily
recoverable microreactors. However, the properties of the corres-
ponding polymeric support need to be properly optimized for
each specific application.

In a recent report on the use of polymer-supported diaryl-
prolinols as organocatalysts for the continuous flow cyclopropana-
tion reaction, it has been shown that the best performance was
obtained with catalysts 213 based on a microporous resin and 214
of monolithic nature (Fig. 52).>°> Under flow conditions the activity
of the monolith remained constant for 24 h and then became
rapidly deactivated, which was assigned to the collapse of the
macroporous structure. The catalyst based on the microporous
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Fig. 52 General structure of supported diarylprolinol derivatives studied
as organocatalysts for the cyclopropanation reaction.

resin could be used for the same transformation for 48 h
without a significant reduction in the performance. Besides,
this catalyst could be used then for several other transforma-
tions up to a total of 76 h working in flow.

Recycling protocol

The protocol for recycling is also an essential factor to be
considered. This usually involves, for an insoluble polymer,
filtering and washing. All these steps need to be carried out
under conditions that do not affect the reactive species. The use
of monolithic polymeric sticks has been shown to facilitate
these recycling protocols. For a variety of polymer supported
BINOL phosphates acting as chiral Bronsted acids in asym-
metric organocatalytic transfer hydrogenation more than 10
runs could be applied without appreciable loss in activity
and enantioselectivity.?°® Even small losses of material in the
work-up or due to the mechanical breakdown of the resin
preclude a long-term use of the supported species. We have to
bear in mind that just a loss of about 10% of the material used
for each recycle would reduce our catalyst to about 30% of the
initial amount after 10 cycles. For insoluble resins, minimisation
of losses is better achieved with an experimental design in which
the solvent is filtered out of the resin, keeping this in the reaction
vessel. Thus, Takeda et al have used a commercial parallel
synthesizer for easy catalyst separation and recycling and were
able to carry out the rhodium(u)-catalysed enantioselective intra-
molecular C-H insertion of a diazo-B-ketoester for 100 cycles with
the observation of the same yield (88%) and enantioselectivity
(92% ee) as in the first run and without the need to increase the
reaction time (20 min for all cycles).**

Soluble supports. Full recovery is particularly critical for the
use of soluble supports requiring an additional precipitation
step (or other separation procedures). The preparation of
polytopic bis(oxazoline)-based ligands allowed obtaining self-
supported catalytic systems in the presence of copper.*®* These
coordination polymers re-dissolved in the reaction medium
when applied to the enantioselective cyclopropanation of
styrene with diazoacetate and then precipitated spontaneously
at the end of the reaction. They were reused for up to 20 cycles
but a decrease in the activity was observed along with smaller
changes in selectivity and enantioselectivity. The recovery
of ferrocenylmethyl aziridino alcohol ligands supported on a
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dendrimer structure and used for the catalytic addition
of Et,Zn to aldehydes was achieved by precipitation with
n-hexane and centrifugation, and the recovered material could
be used for 9 consecutive runs with non-significant decreases
in yield and enantioselectivity.**® The protocol for full precipi-
tation of a polymer-supported chiral gold catalyst partially
soluble in the reaction solvent was shown to be critical.>*®
When using methanol or diethyl ether for precipitation, the
recycling was inefficient, but when using n-hexanes for the
recovery the catalyst could be used for five runs maintaining
the high enantioselectivity but requiring longer times to
achieve appropriate conversions. The recovery and reuse of a
bisprolinamide supported on polyhedral oligomeric silsesquioxanes
(POSS) for five cycles has been described through precipitation with
a cosolvent and filtration.**” The recovery efficiency was 85-92% for
each individual cycle and although the enantioselectivity remained
essentially constant at 93% ee, the yield decreased from 82%
(1st run) to 70% (5th run). Temperature-responsive hairy polymers
containing proline have been used for the direct asymmetric
aldol reaction in water and a recovery >97% was obtained
by centrifugation. However, the performance of the recovered
supported catalysts differed significantly depending on the
working temperature of the previous catalytic cycle, with some
reduction in activity being always observed.*’® In this kind of
hairy microparticles, the polymer morphology has been demon-
strated to be very important to understand not only the catalytic
performance but also the potential for efficient reuse.**

Magnetic supports. In recent years, magnetic nanoparticles
(MNPs) have been used extensively as supports for the immo-
bilization of a variety of catalysts including enantioselective
catalysts.*'® The grafting of a polymeric shell onto their surface
often facilitates the attachment of the catalytic fragments.*'" It
has been reported that the use of imidazolidinone supported
on MNPs showed a better recycling efficiency than a related
organocatalyst attached to a polystyrene support for the Friedel-
Crafts alkylation of indoles.>'* A drastic decrease in yields and a
significant decrease in enantioselectivity was observed in the last
case upon reusing. However, a parallel study comparing related
systems for this reaction concluded that the polystyrene-
supported catalyst provided not only better enantioselectivities
but also a higher stability.** Although both supported catalysts
could be easily recovered from the reaction media, after 5 runs
both showed a decrease in activity, this being more relevant
for the MNP-based system (from 68 to 27% yield) than for the
polymer-based system (from 71 to 50% yield). A similar trend
was found for enantioselectivity, decreasing from 65 to 48% ee
for the modified MNPs and from 84 to 79% ee for the polystyrene
based system. Up to 20 reuses have been described for a chiral
oxo-vanadium pseudoephedrine complex immobilized on MNPs,
with some decrease in activity being observed for the 20th run in
the oxidation of sulfides to sulfoxides.*'*

Continuous flow

Clearly the work under flow conditions represents an optimal
setup achieving long-term stability as it minimizes the operations
that could lead to deactivation of the catalytic sites. This has
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Fig. 53 Multistep flow process for the preparation of B-lactams.

been highlighted by the recent achievements in the field of flow
chemistry, including flow chemistry processes for the prepara-
tion of enantiopure compounds through chiral catalysis.>'*>'®
A pioneering and clear exemplification of the advantages of the
long-term stability of the supported species for flow processes
was reported by Lectka and coworkers in the continuous
asymmetric synthesis of different B-lactams (223) (Fig. 53).>'°
They assembled several columns packed with suitable supported
reagents, catalysts and scavengers (220-222) required for the
different synthetic and purification steps. The system could be
reused sixty times with no significant loss in selectivity or yield
(90% ee and 62% yield for the 60th run, in comparison with 99%
ee and 65% yield for the first cycle) after following the proper
protocols of washing and regeneration.

This concept has been proved by the design of a continuous
flow system based on monolithic catalytic columns containing
a bicyclic chiral amino alcohol fragment (224) and its applica-
tion to the addition reaction of Et,Zn to aldehydes (Fig. 54).>*°
The monolithic column 224 allowed the design of an efficient
flow-system with an excellent activity and selectivity. Besides,
this catalytic system could be reused several times with no
loss of its catalytic efficiency, in terms of conversion, chemo-
selectivity and enantioselectivity.

UCHO ©)\/
1.8 equiv EtyZn, Toluene
224

Ho—f\ft 1t cycle: 85% yield, 99% ee
Ph 4th cycle: 84% yield, 99% ee

Fig. 54 General structure of the monolithic polymer containing chiral
bicyclic amino alcohol units studied for the ethylation of aldehydes.
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Fig. 55 General structure of monolithic TADDOLs assayed under flow
conditions for long-term stability.

In the case of polymer-supported Ti-TADDOLates prepared as
monolithic columns (225), an extraordinary long-term stability
has been observed."***?! Ti species derived from resins such
as 225 were assayed as catalysts for the Diels-Alder reaction
between cyclopentadiene and N-acryloyl-3-oxazolidinone. In
general those supported Ti-TADDOLates maintained their inte-
gral performance for several months without the need of any
special care except those mentioned for the work-up protocols.
In the case of the derivative containing 3,5-dimethylphenyl
groups at the a-position the activity remained even when, after
the sixth month of use, it was left open in air for an additional
month. In this case, however, some loss in selectivity was found
(Fig. 55). Similar results were obtained for other monolithic
columns containing polymer-supported Ti TADDOLates related
to 225 but with different substitution patterns on the aromatic
rings; the corresponding catalytic systems were active, in some
cases, for more than one year (Fig. 55).>*

After screening a series of resin-bound di- and tri-peptides
directly prepared on the resin by solid phase peptide synthesis
(SPPS) techniques, Otvds et al. found that a simple supported
dipeptide containing an N-terminal proline and acid side chain
at the C-terminus provided the best results as an organocatalyst
for the asymmetric o-amination of aldehydes with dibenzyl
azodicarboxylate (DBAD).*** This supported peptide was used
to prepare a packed-bed flow system that was operating for 20 h
of continuous use with constant yields in the range of 84-91%
and enantioselectivities in the 88-92% ee range to provide the
product in gram scale. Stable flow processes with more than
24 h on stream are frequent currently."'" A strategic control
over the residence time was demonstrated to be a key para-
meter. As has been mentioned above, flow setups have allowed
the preparation of the desired final products in multigram>®®
or even kilogram scale.”® Takeda et al. have shown that a
polymer-supported dirhodium(u) complex could be applied
under flow conditions for the enantioselective intermolecular
cycloaddition of a diazodiketoester with styrene retaining the
activity (78% yield) and enantioselectivity (99% ee) for 60 h on
stream with only a small Rh leaching detected in the solution
(2.1 ppm).*** Some of the processes studied could be easily
upscaled to produce 22 g of the desired product with a turnover
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Fig. 56 Chemical structure of the organocatalytic monolith used for the

Diels—Alder reactions of cyclopentadiene under flow conditions.

number of 11700. In the case of the continuous-flow asym-
metric hydrogenation of an enol ester, the use of an Rh catalyst
based on a phosphine-phosphoramidite ligand immobilized
on a supported ionic liquid and the use of supercritical carbon
dioxide as the mobile phase allowed maintenance of the
performance of the process during 233 h on stream, achieving
a final turnover number of 70 400.*%°

The use of a monolithic reactor obtained by copolymeriza-
tion of divinylbenzene and a vinylic imidazolidinone derivative
(226, Fig. 56) inside a stainless steel column allowed carrying
out the Diels Alder cycloaddition of cyclopentadiene and three
different o,B-unsaturated aldehydes for around 150 h on stream
achieving excellent reproducibility of the results with the same
aldehyde at the beginning and at the end of this period.>*°
Finally, a similar catalytic column was used sequentially for
three different reactions continuously for a total of more than
300 h on stream. Using two coupled catalytic columns packed
with a mixture of polystyrene-supported Pybox, CaCl,-2H,0,
and Celite, the asymmetric 1,4-addition of 1,3-dicarbonyl com-
pounds to nitroalkenes was carried out in flow for more than
200 h, without loss of activity (95% yield for the last period) and
enantioselectivity (91% ee).**® The work under continuous flow
was demonstrated, besides, to solve the issue of product
inhibition detected in these processes.

Although biotransformations have not been considered in
detail in this review, it is worth mentioning that stability issues
(i.e. thermal and long term stability) can represent one of the
bottlenecks in their practical use for some applications and this
has also been approached through the immobilization of the
corresponding biocatalysts on an appropriate support. Thus, in
the same way that ionic liquids have been demonstrated to be
able to maintain the stability of proteins, including enzymes,
and are an excellent medium for biocatalysis, supported ionic
liquids have also been shown to contribute to the stability of
immobilized catalytic enzymes including the development of
efficient flow processes.’””**° Thus, the use of polystyrene
monoliths modified with imidazolium groups (supported
ionic liquid-like phases)**° for the immobilization of CALB
provided distinct advantages over other supports for esterifica-
tion processes.*' Optimum performance and stability was
obtained with the most hydrophobic monolith that provided
an excellent turnover number (35.8 x 10*) working at 80 °C and
10 MP (supercritical CO,). This allowed developing the dynamic
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kinetic resolution of rac-1-phenylethanol by flow processes
using scCO, and an additional acid zeolite-ionic liquid catalyst,
achieving excellent results in terms of yield (92%) and enantio-
selectivity (>99.9% ee).>**> The combination of CALB immobi-
lized on covalently supported ionic liquids with microwave
irradiation led to a 28 times activity improvement and opera-
tional stability towards reuse for 12 cycles.**?

Regeneration and reuse

When regeneration of supported species is involved, the former
considerations for the work-up protocols are even more impor-
tant. In this case, for supported organometallic catalysts, those
protocols involve one or several additional steps to ensure the
complete removal of metallic species from the polymers. This is
not always easy and can require treatment under relatively
strong conditions (acids, bases, etc.), followed by a complete
washing and then treatment with the corresponding metallic
species to regenerate the active sites. Although the protocols for
reusing a given immobilized catalyst sometimes include adding
some extra amounts of the catalytic metal in the reaction
mixture, the regeneration process has been studied only in a
limited number of cases.

Thus, for instance, even for the case of the supported
TADDOLs, which contain a very reactive ketal functionality,
Seebach has shown that a complete regeneration of the activity
of the Ti catalysts for the addition reaction of dialkyl zinc to
aldehydes can be achieved after washing the used functional
polymer 101 (Fig. 20) with 3 M HCI followed by thorough
washing and reloading with Ti(OPr;),Cl,."*” When Ti catalysts
are used for the addition of dialkylzincs to benzaldehyde one
equivalent of titanium is consumed at the end of the reaction,
and, accordingly, it is essential to reload the resin with TiX,
species after each run. In this regard, when the polymeric
Ti-TADDOLate catalyst derived from dendrimer 99 was used
for the addition of Et,Zn to PhCHO, a constant performance
with respect to enantioselectivity as well as the reaction rate
was found during 20 consecutive runs. However, all polymers
prepared with non-dendritic TADDOL crosslinkers showed a
continuous decrease in reaction kinetics and enantioselectivities,
reflecting again how the long-term stability of supported catalysts
and reagents is greatly influenced by the linkage used between the
chiral ligand and the polymeric matrix.

In the case of Ti-TADDOLates related to 225 used as catalysts
for the Diels-Alder reaction between cyclopentadiene and
N-acryloyl-3-oxazolidinone, initial attempts for regeneration
were discouraging.’*®> Regeneration of the catalyst afforded
species with a reasonable activity but with a lower selectivity.
Additionally, loss of performance in successive runs was much
sharper than for the original systems. However, the regenerated
monolith catalysed the addition of Et,Zn to benzaldehyde with the
same performance as a fresh column. Any attempt to rationalise
those discrepancies requires an analysis of the differences between
the two reactions under study. An important feature of the Et,Zn
addition is that it is a ligand-accelerated reaction. This feature is
absent in the Diels-Alder reaction. Thus, the presence of metallic
particles/species physically entrapped on the polymeric matrix,
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in a non-chiral microenvironment, could be partially responsible
for the activity in the catalysis of the Diels-Alder reaction, giving
rise to a decrease in the selectivity. Those particles could also
catalyse the polymerisation of cyclopentadiene, a factor that
has been considered to contribute to deactivate the polymeric
catalysts by decreasing the porosity of the resin via physical
entrapping or copolymerisation with residual vinylic groups.
In highly crosslinked PS-DVB a significant percentage of
vinylic groups can remain unreacted according to FT-Raman
and NMR studies.***?® In the case of the Et,Zn addition only
the recovered chiral active sites catalyse the process. Polymer
supported a-amino amides assayed also for the enantioselective
addition of Et,Zn to aldehydes presented some deactivation after
some cycles, but the activity and selectivity could be fully
recovered after an appropriate washing protocol that included
a washing with 1 M HCL'*®

In the case of the silica-supported BINOL derivative (201)
considered in Fig. 47, the regeneration of the Ti-catalyst used
for 10 successive runs for the ethylation of 1-naphthaldehyde
with Et;B was studied revealing that the regenerated catalyst
achieved the same performance for four additional cycles.>”*
Lunden et al. reported that the polymer-supported pyridine-
bis(oxazoline) ligand developed for the ytterbium-catalyzed
silylcyanation of benzaldehyde could be recovered from the
reaction mixture and regenerated for at least 30 times.>** In their
study of silica-supported organocatalysts for stereoselective Diels—
Alder reactions under flow conditions, Porta et al. analysed the
regeneration of the organocatalytic column after 200 h of use and
found that in this way the life of the reaction was prolonged to
300 h in total, but the performance of this regenerated catalytic
column was slightly lower than that of the fresh system.**”

Selectivity

One of the main aims of the use of a catalyst is, besides the
lowering of activation energies, to increase the selectivity of
the process under consideration. From a theoretical and prac-
tical point of view, enantioselectivity, and in general stereo-
selectivity, is the most important goal to be achieved. The very
small energy differences at the transition states that determine
the stereochemical course of the reaction, in particular for
enantiotopic transition states, make this an always difficult
target. Minor changes in the reaction conditions/environment
can interfere as to drastically modify those differences and,
accordingly, alter the selectivity of a given reaction. This explains
the key role that the polymer matrix can play in determining
the selectivity in polymer-supported catalysts and reagents. The
polymeric framework is a major factor in determining the actual
microenvironment of the active site.

It is often considered, as a general rule, that the selectivity
observed for a given chiral catalyst tends to be reduced when
heterogenisation is carried out. This is not necessarily true,
however, and very different trends can be found. Most of the
targeted homogeneous catalysts to be immobilised are selected
from those that perform, after long and costly optimisation,
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with excellent (enantio)selectivities (>95% ee). Hence, upon
immobilisation, in the best scenario the levels of selectivity will
be maintained, obscuring such cases in which the matrix
induces a positive effect and highlighting, on the contrary,
those in which a negative effect is found. Therefore, a careful
examination of the different aspects of the immobilisation
process should be taken into consideration to shed light on
the effect of the support regarding selectivity.

In order to really assess the effect of the matrix, the first
point to be considered is to ensure that proper comparisons are
being made. Quite often, the structural changes made in the
chiral ligand in order to provide the required features for the
immobilisation are responsible for the changes observed and
not the immobilisation itself. Therefore, as mentioned, it is
essential to compare results obtained for homogeneous and
supported ligands having the same structure.

This is clearly illustrated in the case of the immobilised
Cu-BOX used as catalyst for the cyclopropanation reaction of
styrene in the presence of ethylazodicarboxylate (Fig. 57).
As outlined before, an efficient bisoxazoline immobilization
(polymer 109) can be carried out either by homo-polymerisation
of the derivative 103 containing two vinylbenzyl groups at the
methylene bridge (see Fig. 21) or by copolymerisation in the
presence of styrene and DVB."”>"”® When the initial Cu loaded
catalyst (109d) was used for the cyclopropanation reaction,
a trans/cis selectivity of 60:40 and an enantioselectivity of
46% ee (trans) and 42% ee (cis) were obtained (Fig. 57). These
results were far away from the ones obtained for the homo-
geneous derivative 230 and suggested a negative effect of the
immobilisation. This is not true, however, as the decrease in
the selectivity is not associated with the heterogenisation
process itself, but with the change in the nature of the sub-
stitution at the methylene bridge. Thus, when the appropriate
homogeneous bisoxazolines, containing two benzyl groups at
the methylene bridge, 230 and 231 were synthesised, the results
obtained under the same conditions for the polymeric species
prepared by polymerisation (109b-f and 228) were essentially
identical or even slightly better than those found for the
homogeneous counterpart.

= CuL*
- N,CHCOEt  ————
Ph A 2 CH,Cly PhACOQEt
50 51 52
Ph Ph
o\></o o} o]
T T
S/N N\_) g/N N/
o R R R
z —a 230 (R = -Ph) 232 (R =-Ph)
109 (R = -Ph) P (\;u“N\) t/c: 70/30, 50% ee(t), 40% ee(c) t/c: 70:30, 60% ee(t), 52% ee(c)
29R=#BY)  TIOT ) H 231 (R = t-Bu) 233 (R = t-Bu)
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Polymerisation
109 b: x/y/z 0.1:0.7:0.2, t/c: 59/41, 62% ee(t), 56% ee(c)
d: x/y/z 0.2:0.8:0, t/c: 60/40, 46% ee(t), 42% ee(c)
t/c: 52/48, 57% ee(t), 53% ee(c)
t/c: 37/63, 78% ee(t), 72% ee(c)
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229 xlylz 1.0:0:0,

Fig. 57 Comparison of selectivity for different polymer supported Cu—
BOX catalysts with that of related soluble analogues for the cyclopropana-
tion of styrene.
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It is worth mentioning here that the enantioselectivity
observed for the related catalyst prepared by grafting onto a
Merrifield resin (109a) was much lower (t/c: 71/29; ee 26%
(trans), 21% (cis)). This represents a situation that is not
uncommon: very often similar polymer-bound chiral ligands
can be prepared both by grafting onto a preformed resin or
by polymerisation of the corresponding functional monomer
containing the chiral fragment. In many instances, selectivities
found for catalysts prepared using the second strategy are
higher, in particular when high degrees of crosslinking are
involved. It is important to mention that the supported catalyst
is prepared by polymerization of the corresponding di-vinylic
chiral monomer (105, Fig. 21) which provides additional cross-
linking. During the polymerisation the chiral moieties are
almost randomly distributed throughout the polymeric matrix
and the polymer itself may become chiral, to some extent,
creating many different chiral microenvironments. The exact
microenvironment distribution depends on a complex series of
factors, such as solvents, polarity of monomers, kinetics of
polymerization of each monomer, etc.®>%* Chiral moieties will
be incorporated as cross linkers but can also be integrated in
the linear chain (with unreacted alkene groups left). This can
lead to catalytic sites with different selectivity profiles that
can largely affect the enantioselectivity depending on their
distribution and accessibility. These effects can be enhanced
in flow processes, as illustrated by the results with the monolith
109b when used under continuous flow conditions.**® At low
flow rates (2 mL min~") the immobilised catalyst led to better
enantioselectivities than the homogeneous catalyst under batch
conditions (ee: 71% (trans), 50% (cis) vs. 50% (trans), 40% (cis)).
The flow forces the reactants to pass-through the active sites,
minimising diffusional problems, and also allows an increase in
the instant S/C ratio. The former results suggest that immobili-
sation of the catalyst can produce positive effects on selectivity
after the appropriate design of the whole set of experimental
conditions. Similar effects have been also observed, for the same
reaction, with the chiral Ru-PYBOX monolith 119d (Fig. 23).>*°
The immobilised catalyst provided, under flow conditions, better
enantioselectivities (trans/cis: 85:15, 82% ee (trans), 45% ee (cis)
in CH,Cl, or trans/cis: 85:15, 89% ee (trans), 56% ee (cis) in
scCO,) than those found for the homogeneous catalyst in batch
(trans/cis: 87 :13, 77% ee (trans), 48% ee (cis) in CH,Cl,).

It can be expected that these effects could be minimised
when attaching the catalytic sites to the polymer through a
long spacer. This strategy was very successful for supporting
Cu-BOX catalysts 114 and 115 from BOX ligands, prepared by
grafting or polymerisation respectively, lacking the C, symmetry
and tethered to the polymeric network through a long aliphatic
linker (Fig. 22)."*>'® In this case, no polymeric effect was found,
with both heterogeneous catalysts showing comparable selectivities
(114: trans/cis: 67/33, 92% ee (trans), 90% ee (cis) and 115: trans/cis:
67/33, 93% ee (trans), 90% ee (cis)) to those achieved for the
homogeneous counterpart.

On the contrary the positive role played by the proximity of
the polymeric backbone to the catalytic site was highlighted for
the case of supported pyridineoxazoline (PYOX) (Fig. 58) for

Chem. Soc. Rev., 2018, 47, 2722-2771 | 2753


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7cs00734e

Open Access Article. Published on 26 mars 2018. Downloaded on 30.10.2025 06:34:03.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

/=« ngHooEt —SE . A\
PH 2 “= "CHCl, Ph COEt
50 51 52

70

60 -
50 -
048 q =
< 40 7/
2 238 T'O;ch’N
[ Cu_ I
T N
® 30 =
N
20
10
0 ’_h ’—.
Homo. Hetero. Homo. Hetero. Hetero.
x A [Jee(cis)
‘ O\/O I ce (trans)
N
S
oty NJ ot/
224 O 236 T -

Fig. 58 General structures of the polymer supported and homogeneous
Cu-PYOX catalysts studied for the cyclopropanation of styrene.

which a remarkable enhancement in enantioselectivity was
reported.**® In contrast with the almost no-enantioselection
obtained with both homogeneous catalysts 234 and 236 in
solution, the analogous supported catalysts led to a significant
asymmetric induction, 46% ee (cis) and 40% ee (trans) for 235
and 65% ee (cis) and 56% ee (trans) for 237. The steric
hindrance provided by the rigid highly crosslinked polymeric
backbone around the position 6 of pyridine can cooperate with
the bulky substituent at the oxazoline ring to enhance the
differences in energy for the different possible transition states,
enhancing the chirality transfer and accordingly the enantio-
selectivity. To check the existence of this positive ‘“polymeric
effect”, a catalyst 238 with a phenoxy spacer was also synthe-
sized. The introduction of the spacer led to a reduction of the
enantioselectivity relative to 237, supporting the positive role
played by the polymeric network in the sevenfold improvement
in enantioselectivity observed for the supported Cu-PYOX
catalyst 237.

Similar effects have been described for the immobilized
Cu-PYOX catalyst 239 (Fig. 59) prepared from the linear soluble
poly[(—)-(S)-4-tert-butyl-2-(3-vinylpyridin-2-yl)-oxazoline] in the

@ : @&O @ﬁ*@
THF, 0°C A

242 (endo) 242 (exo)

SHa 07\
A=A
g Cu -oTF Gu- ot

OTf
239

239, Ar = 4-NO,-CgHy-, TOF: 49 h!, endo/exo: 96/4, 52% ee
240, Ar = 4-NO,-CgHy4-, TOF: 9.2 h!, endo/exo: 96/4, 21% ee

Fig. 59 Homogeneous and supported Cu—PYOX complexes as catalysts for
the Diels—Alder reaction of 2-alkenoyl pyridine N-oxide and cyclopentadiene.

2754 | Chem. Soc. Rev., 2018, 47, 2722-2771

View Article Online

Review Article

Diels-Alder reaction between 2-alkenoyl pyridine N-oxide (241)
and cyclopentadiene (10).>** The polymeric catalyst (239) showed
an enhancement of both activity (fivefold increase) and enantio-
selectivity (2.5 times increase) in comparison with the unsupported
homogeneous analogue (240). It was considered that the high
population of Cu(u)-PYOX groups around the polymer back-
bone brings about a high local concentration of the catalytic
sites providing a constrained environment for the Diels-Alder
reaction, which favours the stereoselectivity.

In the light of these results, the proximity of the catalytic site
to the polymeric framework and their relative spatial disposi-
tion, which can be tuned by the right selection of the tethering
point and the use or not of spacer, seem to be key parameters
in the design of polymer-supported catalysts with a positive
polymeric effect. This can define, among other parameters, site-
isolation and accessibility, but also the steric hindrance in the
proximity of the catalytic center, which are essential to fine-
tune the catalyst performance. Thus, for instance, in the case
of BINOL Yang et al. reported a positive polymeric effect when
BINOL was anchored to the polymer at 3,3’-position of the
BINOL subunit. The polymeric body was designed as a bulky
substituent to improve the steric control of the reaction. The
C,-symmetric supported catalyst 244 provided much higher
enantioselectivities than its homogeneous counterpart (243)
for the diethylzinc addition to benzaldehyde (see Fig. 60).>*>
Noteworthily, the BINOL supported derivative (246) lacking the
C, symmetry showed only a slightly better performance than
the homogeneous analogue (245). Both the higher hindrance
and rigidity of the supported BINOL 244 may be at the origin of
this positive effect. To some extent, the polymer backbone can
freeze the proper conformation of the naphthyl rings making

o
©)\H BINOL-Ti(O-/Pr), @J\/
] EtyZn, CH,Cl,
o

Chemical Modification
243
OH
ses

BINOL

o OO bo
OH
Grafting OH
Tk 9
o) o 244 N
N""Ph N 0
H H
OH

OH
ses

ses

245 246
243 244 245 246
R=Ph 63% ee 97% ee R=Ph 61% ee 65% ee
R =2-CIPh - 91% ee R=2-CIPh  33%ee 60% ee
R =4-NO, - 96 % ee R =4-NO, - 82 % ee

Fig. 60 Supported and homogeneous 3,3’-substituted BINOL derivatives
for the Ti-catalysed Et,Zn addition to aldehydes.
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Fig. 61 Supported 6,6’-substituted BINOL derivatives incorporating long
spacers for the Ti-catalysed Et,Zn addition to aldehydes.

their twisting more difficult. This effect would be more impor-
tant in the case of the 3,3'-C,-BINOL supported derivative (244)
attached to two polymeric chains, greatly restricting the con-
formational flexibility of the two naphthyl rings, than in the case
of the supported ligand 246 with only one polymeric arm.

In an alternative approach, Sellner et al. (Fig. 61) selected the
attachment via the 6,6'-positions using long spacers (247) and
dendrimeric spacers (248-249). The corresponding supported
BINOL derivatives were prepared by copolymerisation of different
6,6'-branched C,-BINOL crosslinking monomers with styrene.***
The distance from the crosslinking points to the catalytic centre
was large enough in resins 247-249 as to provide a good
accessibility to the active sites and as to afford an appreciable
degree of flexibility, and no polymer effect, neither positive
nor negative, was detected. Selectivities achieved were compar-
able to those obtained in solution, even considering that the
catalytic active sites were placed in the crosslinked region of
the polymer.

However, when a similar approach was investigated using
much more rigid 3-3’ and 6-6’ C,-BINOL crosslinking agents to
obtain supported BINOLs 250 and 251, a negative matrix effect
was found (Fig. 62).>** The enantioselectivities observed were in
all cases lower than in solution, being strongly affected by the
substitution pattern of the supported BINOL. In this sense,
the polymers containing 6,6’-disubstituted BINOLs showed
higher selectivities than those with the more hindered
3,3/-disubstituted-BINOLs (78% ee for 251 vs. 20% for 250).

The very rigid framework achieved in these polymers and the
steric interference of the polymeric matrix, particularly in 250,
can prevent the diol moiety from achieving a proper conforma-
tion and limit the accessibility to the active sites. This is in good
agreement with the work of Hodge and coworkers using
supported aminoalcohols, who demonstrated that in those
cases where the aldehyde and Et,Zn cannot diffuse freely into
the polymer to reach the catalytic sites, a non-catalysed reaction
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Fig. 62 Supported 3,3’ and 6,6’-substituted BINOL derivatives fusing very
short spacers for the Ti-catalysed Et,Zn addition to aldehydes.
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Fig. 63 Preparation of chiral boron supported catalysts for the Diels—
Alder reaction between cyclopentadiene and methacrolein.

is possible giving a racemate and so reducing the stereochemical
performance.”**?%43%

A related effect was described, for instance, by Kamahori
et al. in their study of boron species, prepared from polymer
supported chiral N-sulphonyl amino acids, for the catalysis
of the Diels-Alder reaction between cyclopentadiene and
methacrolein (Fig. 63).>*° The catalyst 254a, prepared by
grafting, from resin 252, was essentially unselective, whilst a
57% ee was found for 254b prepared by polymerisation of the
N-vinylbenzsulfonyl amino acid 253. A possible explanation for
this behaviour was suggested by the solvent effects observed in
homogeneous solution. The selectivity observed in THF was
much higher (86% ee) than that in CH,Cl, (20% ee), suggesting
that the non-donor solvent CH,Cl, favours the presence of non-
selective aggregates. Immobilisation through grafting does not
destroy such a possibility, as functionalisation occurs in the
more accessible sites of the resin in a very flexible matrix,
allowing for site-to-site interactions. Those are much more difficult
when the functional groups are introduced by polymerisation
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in a highly crosslinked matrix. According to this, the use of a
CH,Cl,/THF mixture with the supported catalyst 254b had a
minor effect on the selectivity. It was also observed that an
increase in loading was accompanied by up to a 4 times
decrease in enantioselectivity.

Similar improvements in asymmetric induction for the
immobilised catalyst were also found for the asymmetric transfer
hydrogenation of aromatic ketones in water. The supported catalyst
44a (Fig. 7) provided higher enantioselectivities than the homo-
geneous analogue (water-soluble modified TSDPEN)**’ for the Ru
and Ir-catalysed reduction of aromatic ketones (e.g:: CsHsCOCHj3
98% vs. 94% ee, CsHsCOCH,CH; 96 vs. 86% ee, p-Cl-C¢H,COCH;
99% vs. 91% ee, NaptCOCH; 87% vs. 87% ee).''9>*8

The effect of loading is crucial for the performance of many
supported reagents and catalysts. In the case of the enantio-
selective reduction of acetophenone with a LAH derivative of
the resin-bound ephedrine, enantioselectivity values ranged
from 55% for a resin containing 2.1 mmol g~' to 79% for a
loading of 0.7 mmol g *.**° The same phenomenon has been
reported by Seebach for supported Ti-TADDOLate catalysts,
where better enantioselectivities were observed for the polymers
with lower loadings."®” In other cases, however, high loadings have
been found to be associated with better enantioselectivities. Thus,
the enantioselectivities achieved for the asymmetric borane
reduction of acetophenones (257) catalysed by polymer-supported
chiral sulphonamides (255) showed a steady improvement when
the functionalisation degree was slightly increased (63, 75 and
85% ee, respectively for loadings of 2.23 mmol g™, 2.26 mmol g~ *
and 2.29 mmol g~ ). Additionally the enantioselectivity obtained in
this case by the supported catalyst was higher than that by the
homogeneous analogue 256 (Fig. 64).>>%

Itsuno et al. have reported another remarkable example
highlighting a positive matrix effect on both reactivity and
selectivity (Fig. 65).>>> This enhancement may well be related
to pseudodilution/isolation effects related to immobilization.
Thus, after the adequate optimization of the polymeric catalyst,
the supported oxazaborolidine derived from 259b showed a
better performance in terms of activity and selectivity than the
low molecular counterpart (260). When used at room tempera-
ture for the borane reduction of the acetophenone O-methoxy

CISO3H Q©\
S0,CI 32 om
2 255 NG
PS-DVB (1 or 2% DVB) I Fﬁ Ph
o OH
R Cat/BH;SMe, AR Ph
- .
Solvent Ph l}l
HO
257 a (R=H) 258 a(R=H) 0a28-py,
b (R =Br) b (R=Br) 256
256 255

257 a(R=H) 92% Yield, 55% ee
b (R = Br) 99% Yield, 85% ee

91% Yield, 63% ee (Toluene), 92% ee (THF)
98% Yield, 94% ee (Toluene)

Fig. 64 Polymer supported chiral sulfonamides for the enantioselective
reduction of acetophenones.
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259b: x/y/z: 0.10:0.88:0.02, 50 °C, 77% Yield , 60% ee
0°C, 0% Yield,

259c: x/y/z: 0.20:0.70:0.10, rt, 60% Yield , 82% ee
0°C, 0% Yield, 90% ee

259d: x/y/z: 0.20:0.78:0.02, rt, 65% Yield , 96% ee
0°C, 70% Yield, 99% ee

259e: x/y/z: 0.30:0.68:0.02, rt, 37% Yield , 90% ee

Fig. 65 Polymer supported piperazine methanol ligands for the catalytic
borane reduction of O-methoxy oximes.

oxime (261), 259b led to 65% yield and 96% ee. These results
were even better at 0 °C (70% yield and 99% ee). However,
the process with the homogeneous 260 did not occur under
the same experimental conditions. The temperature should be
increased to 50 °C to achieve 61% yield and 84% ee. This may
be related to the formation of inactive/nonselective aggregates in
solution at room temperature. An increase in temperature may
favour the breakdown of such aggregates liberating the active
forms of the catalyst. In the case of the supported catalyst, the
formation of aggregates will not be favoured, allowing the involve-
ment of the active catalytic species even at lower temperatures.

A similar effect can be accounted for in the case of the
supported amino-alcohol 224 (Fig. 54) obtained as a polymeric
monolith and used as a catalyst for the Et,Zn addition to
benzaldehyde under flow conditions.’*® The polymer prepared
by polymerisation showed an improved selectivity (99% ee) in
comparison with those found for the related homogeneous
catalyst (87% ee) or the one immobilised onto a Merrifield
resin by grafting protocols (89% ee).

Sundararajan et al. prepared a polymeric analogue of chiral
Cy-symmetric  (R,R)-3-aza-3-benzyl-1,5-dihydroxy-1,5-diphenyl-
pentane (266) by copolymerization of the corresponding vinylic
derivative with styrene and DVB (Fig. 66).>> The corresponding
supported Al complex (265) catalysed the Michael additions of
nitromethane and the addition of thiophenols to unsaturated
cycloalkenones. In the case of the Michael addition between
nitromethane and chalcone 267, the supported catalyst 265a
led to higher asymmetric induction (51% ee) than the related
homogeneous analogue (266, 5% ee). However, for the polymer
265b, with lower crosslinking content and higher styrene

This journal is © The Royal Society of Chemistry 2018
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Fig. 67 Polymer supported (R,S)-BINAPHOS prepared by two alternative
polymerisation approaches.

incorporation, the enantioselectivity significantly dropped
(11% ee). The crosslinking degree can define the rigidity of
the ligand, modifying to some extent the steric restrictions
around the catalytic site and leading to more efficient hetero-
bimetallic catalysts inducing a better chiral transfer.

The formation of different active species as a consequence of
different polymerisation procedures has been proved for the
Rh-catalysed asymmetric hydroformylation of styrene involving two
polymer supported (R,S}-BINAPHOS ligands (271, Fig. 67).°*%**
When the polymerisation of 269 was performed in the absence
of the metal, the ligand adopted a conformation that appar-
ently was not suitable to coordinate the Rh. Thus the resulting
polymeric catalyst 271a gave rise to a modest selectivity of
68% ee (method A). However, the conformation of the ligand
could be fixed in a suitable disposition when the polymerisation was
performed directly with the corresponding chiral Rh-monomeric

This journal is © The Royal Society of Chemistry 2018

View Article Online

Chem Soc Rev

Polymerisation

i Polymerisation

1 275a (DVB) 87% Yield, end/exo: 1:99, 65% ee

| 275b (276) 86% Yield, end/exo: 8:92, 84% ee

E 275¢ (106 n = 0) 85% Yield, end/exo: 5:95, 77% ee

1 275d (106 n = 3) 93% Yield, end/exo: 1:99, 92% ee
275e (106 n =7.7) 88% Yield, end/exo: 4:96, 95% ee

CHO
7 bf +
/ CH, 4 CHO
73a endo-R 74a endo-SCH3
73b exo-S 74b exo-R

Fig. 68 Preparation of supported oxazaborolidines by polymerization
involving different crosslinkers.

complex (270) (method B). Indeed, a better selectivity was
obtained under the same conditions (85% ee).

Another important factor to be considered is the crosslinking.
When the immobilised catalysts are prepared by a bottom-up
approach by direct polymerisation of the chiral functional
monomers, different crosslinking agents can lead to different
microenvironments, which, in turn, can modify, even enhance,
the asymmetric induction of a given reaction. This was the case
of the Diels-Alder reaction between methacrolein and cyclo-
pentadiene catalysed by polymeric chiral oxazaborolidines
obtained by polymerisation in the presence of different cross-
linking agents.””> The selectivities found were significantly
influenced by the crosslinkers (Fig. 68). The polymeric catalyst
275a derived from DVB catalysed the reaction with moderate
selectivity (65% ee), while the polymeric catalyst prepared with
the more flexible crosslinking agent 276 gave an enhanced
enantioselectivity (275b, 84% ee). This was comparable to the
selectivity obtained from using the unsupported catalyst in
solution as reported by Helmchen (86% ee).**® Finally, the
polymeric catalyst with a longer oxyethylene crosslinker gave
enantioselectivities as high as 95% ee (275e), results that
are superior to those obtained with the related homogeneous
catalyst in solution.

When supported Al catalysts derived from polymeric prolinols
65-66 (Fig. 10) were used for the same Diels-Alder reaction,
selectivities found were low or moderate, being similar for the
functional polymers prepared by grafting or by polymerisation
(suspension or “bulk” polymerisation) using low crosslinking
degrees (up to 20%), but a twofold increase in ee was found
when the crosslinking (DVB) was increased to 90%.%*”

The polymer-supported Rh catalysts obtained through the
copolymerization of (S)-5,5"-divinyl-BINAP (277) also exhibited
better enantioselectivity than the corresponding homogeneous
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Fig. 69 Polymerisation of a vinylic BINAP derivative in combination with
different crosslinkers for the Rh-catalysed hydroformylation.

complex (Fig. 69).>*® The BINAP immobilisation was performed

by copolymerisation of 277 with different crosslinking agents
(DVB, 1,3,5-tri(4-vinylphenyl)benzene (278) and EGDMA) and
the corresponding Rh-complexes were assayed in the asym-
metric hydroformylation of styrene. The results showed that the
pore structures had little effect on the yields, but had a clear
effect on the regioselectivity and enantioselectivity. Catalysts
279a and 279b exhibited higher enantioselectivity (59% and
45% ee, respectively) than the related homogeneous system
(35% ee). However, 279¢ containing ethylene glycol dimethacrylate
as crosslinker provided only a modest enantioselectivity of 30% ee.
These results highlight once again that the nature of the
crosslinkers can be used to modify/improve the selectivity.

A very particular case regarding the influence of polymeriza-
tion on enantioselectivity is given by the preparation of poly-
mers displaying intrinsic main chain chiral organization, in
particular through the adoption of helical structures.”**° In
many cases, the reported asymmetric inductions are rather
limited.>*” In the last few years, however, different groups have
reported examples in which the helical organization of the
polymeric chain provides a significant contribution towards
the enantioselectivity for a variety of catalytic reactions. In some
instances it has been reported that the presence of helicity can
increase the enantioselectivity from 18% ee for the non-helical
support to 94% ee for the helical one.**® In some extreme cases,
even attachment of achiral catalyst groups on the helical polymer
matrix, whose helix sense is switchable, allows selective produc-
tion of both enantiomers with enantioselectivities higher than
90% ee in several mechanistically different palladium-catalyzed
and organocatalytic asymmetric reactions.>®*3¢

Cinchona-alkaloid derived quaternary ammonium salts
have been immobilized through ionic interactions to polymers
possessing sulfonate groups and were used as supported organo-
catalysts in the asymmetric alkylation of N-diphenylmethylene
glycine tert-butyl ester (283, Fig. 70).*®* Their synthesis was
approached either by polymerization of a chiral quaternary
ammonium sulfonate monomer or by the immobilization of a
chiral quaternary ammonium salt onto a sulfonated polymer
through an ion exchange reaction. In this particular case, both
approaches provided similar results. The enantioselectivity
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obtained by using the polymeric catalyst 281a (78% ee) was
higher than that obtained from the unsupported salt 282a (68% ee).
The 9-anthracenemethyl derivative of the cinchonidine-based
quaternary ammonium salt gave better enantioselectivities both
in solution (282b, 93% ee) and with the supported derivative
(281b, 93%ee; 281c, 95% ee).

Based on the immobilisation through ionic bonding and
due to the exceptional stability of the quaternary ammonium
sulfonate salts, the same authors have developed a very versatile
strategy to immobilise different chiral salts in the main poly-
meric chain.*®* This strategy is based on bringing together
different modular building blocks (monomeric or dimeric
chiral salts and sulfonate salts) to create a chiral ionic polymer
allowing fine-tuning of the catalytic efficacy from a bottom-up
approach. In this way by tuning the structure of these building
blocks, the polymer main chain can be adjusted to positively
affect the conformation of the catalytic sites enhancing the
catalytic efficiency.>®> Fig. 71 schematically represents some
of the strategies developed using cinchona-alkaloid-derived
quaternary ammonium salts as chiral catalysts for the asym-
metric benzylation of N-diphenylmethylene glycine tert-butyl
ester. Main chain supported chiral salts immobilised by com-
pletely ionic interaction, combining both ionic and covalent
bonds or just solely based on covalent immobilisation have been
successfully obtained.***”° A wide range of structural building
blocks have been evaluated in order to optimise the supported
catalyst. In most of the cases, it has been possible to adjust the
polymer structure to obtain catalysts (286-289) which are often
more selective than the homogeneous analogues.

The great modularity of the approach has also allowed extending
this methodology to other types of organocatalysts opening
avenues to a wide range of asymmetric transformations.>”*”>
For instance, main chain polymers 290-291 derived from
chiral imidazolidinone have been reported as efficient organo-
catalysts for the Diels-Alder reaction (Fig. 72).>”*”> By using
the right combination of building blocks, the immobilized
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systems displayed an equivalent or even better selectivity than
the homogeneous counterpart.
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and poly(L-prolinamide-co-MAA) for the three component reaction.

The ionic complexation has been also employed by Hu,
Li and co-workers to obtain a nanoparticle-supported catalyst
by in situ ionic complexation between an imidazolium-based
polymer ionic liquid (PIL) and poly(i-prolinamide-co-MAA)
(Fig. 73).*”° The structure and hydrophobicity-hydrophilicity
balance of the nanoparticles can be fine-tuned by varying the
PIL reaction ratio and by applying different anions.

The chiral solid efficiently catalysed both Aldol and multi-
component reactions (MCRs) in water exhibiting much better
catalytic activity and enantioselectivity than its homogeneous
catalytic analogue. For instance, the poly(i-prolinamide-co-
MAA) copolymer (293) and the corresponding monomer (295)
gave modest activity and enantioselectivity for the three compo-
nent reaction between 4-chlorobenzaldehyde (296), 2-hydroxy-
1,4-naphthoquinone (297), and 3-amino-5-4-methylpyrazole
(298) at 80 °C in water. However, the activity and enantio-
selectivity found for the nanoparticle-supported catalyst (294)
clearly surpassed those values. The combination of both poly-
meric elements creates a polymeric nanoparticle with a PIL
outer structure that facilitates the mass transfer of reaction
substrates into the nanoparticle and creates the required
micro-environment for the induction of chirality.

Similar selectivity enhancement can be also found when
soluble polymers are carefully designed. For instance, the
immobilization of [Mn(salen)] complexes on smart polymers
can render catalytic systems which are not only more active but
also more selective than the homogeneous counterpart (Fig. 74).
The introduction of adequate building blocks in the polymer
structure contributes to tune and enhance the asymmetric
induction by favoring the polymer self-assembly in a micellar
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well-organized structure. Thus, the polymeric catalyst 302 led to
quantitative conversion (>99%) of methyl phenyl sulfide (301)
with up to 96% chemoselectivity and 95% enantioselectivity,
whereas the neat complex was far less efficient (9% conversion
with 72% chemoselectivity and 79% enantioselectivity).”*' In a
similar way, amphiphilic block copolymer 301 based on the
N-isopropylacrylamide and vinylimidazolium ionic liquid modified
chiral salen Ti'"V complex (poly(NIPAAm-co-PIL-[Ti(salen)]))
efficiently catalyzed the enantioselective oxidation of aryl sulfide
in water. The optimized supported catalyst showed, for the
oxidation of methyl phenyl sulfide in water, better activity and
selectivity (almost quantitative yield (95%), 95% of chemo-
selectivity and with up to 98% ee) than the related neat mono-
meric catalyst (48% of conversion, 65% of chemoselectivity and
76% of ee).””” In this case, the stable structure of the self-folded
single-chain polymeric nanoparticles (SCPNs) and the presence
of the ionic liquid moiety in the confined SCPNs provide a
suitable micro-environment to favor the concentration of the
reactants and to induce a better enantioselection.

Dendrimers

In the same way that catalytic activity can be enhanced by the
“positive dendrimer effect’”, under certain circumstances an
enhancement in the selectivity, especially the chiral induction,
can be achieved upon catalyst immobilization on a dendritic
support. In this regard, Ribourdouille et al. have demonstrated
that Pd-PYRPHOS catalytic units immobilized onto polyami-
doamine dendrimers (PAMAM) can surpass the selectivity found
for the monomeric reference.”® The higher generation dendrimers
decorated with a chiral Pd-complex (PAMAM(PYRPHOS-PACl,)s,,
304) rendered a better chiral induction (69% ee) in the allylic
amination than the monomeric model (305, 9% ee). The improve-
ment was related to the changes in the conformational flexibility
and preferential orientation of the aryl substituents of the
diphosphine by increased crowdedness at the periphery of
the dendrimer upon increasing the dendrimer wedges (Fig. 75).

Similar positive effects have been reported by Zhang et al. for
the asymmetric hydrogenation of a-dehydroamino acid esters
and enamides catalyzed by Rh-chiral dendritic monodentate
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phosphoramidite complexes (Fig. 76).>”° The corresponding

chiral dendritic ligands (309) were obtained through substitu-
tion of the dimethylamino moiety in the original monodentate
phosphoramidite by Fréchet-type polyaryl ether dendritic wedges.
In this case, the catalytic unit is located at the core and not at the
periphery. As an illustrative example, the enantioselectivity for the
hydrogenation of N-(1-(p-tolyl)vinyl)acetamide (310) increased
from 47% ee for the monomeric catalyst to 92% ee for the third
dendrimer generation. However, a negative dendrimer effect on
the catalytic activity was observed. This suggests an effective
encapsulation of the catalytic unit within the dendritic wedges.
The increasing steric repulsion between dendritic wedges
might influence the chiral pocket of the catalyst where the
hydrogenation reaction occurs enhancing the selectivity in
comparison with the monomeric catalyst, but at the expense
of reducing the rate of the reaction.

Different approaches for the preparation of BINAP systems
immobilized on dendrimers have been reported. The existence
of a “dendrimer effect” seems to depend on the immobilization
strategy applied. The BINAP containing dendritic wedges at
the 5,5'-position of the binaphthyl backbone linked by amide
groups (Fig. 13) induced a positive dendrimer effect regarding
the catalytic activity for the hydrogenation of B-keto esters;
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however no improvement in selectivity was observed. In this
case, the dendritic units are far away from the chiral center."°
However, when the dendritic units are directly attached to
the diphenylphosphine chelating units of the BINAP (313-Gn)
significant dendrimer effects can be found for the ruthenium-
catalysed asymmetric hydrogenation of B-keto esters (314) or
o-ketoesters (316), as well as a-ketoamides (318) (Fig. 77).>8%°%!
Indeed, the high-generation catalysts exhibited excellent enantio-
selectivities, which were superior to those obtained from the
related small molecular catalysts. The attachment of bulky
dendritic wedges on the four phenyl rings at the P atoms was
able to fine-tune the steric environment around the metal
center. The increasing steric repulsion between the dendritic
wedges might be responsible for the different arrangement of
the four phenyl rings, and consequently modulate the catalytic
behaviour of the [Ru(Gn-BINAP)] complexes.

Chen et al. have designed chiral Ti-salen complexes on the
periphery of a polyamidoamine (PAMAM) dendrimer capable of
providing enhanced activity, chemoselectivity and enantioselectivity
in comparison with the unsupported catalyst. The peripheral
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imidazolium linker used for the asymmetric oxidation of sulfides.

free amine groups of PAMAM provide a suitable grafting point
for the Ti-salen complex (Fig. 78).>*> However, in the initial
design, the dense packing of active sites at the periphery of
PAMAM increased the difficulty for all complexes to adopt their
preferred conformation, which is detrimental to catalysis. This
was overcome by the introduction of IL-like units as spacers
(320-Gn). The role of this spacer was multiple. It located the
chiral complexes away from the dendrimer backbone, ensured
a high local concentration of the catalyst and allowed achieving
the preferred conformation of the active sites, favouring the
intramolecular cooperation between the catalytic sites and
therefore enhancing the selectivity. Furthermore, the IL-like
units modified the hydrophilic/hydrophobic balance of the
support making it more compatible with organic sulfides and
aqueous H,O,, facilitating the mass transfer of the reagents
and therefore enhancing the activity. The performance of the
catalyst 320-Gn (conv. 91%, chemoselectivity 90% and 85% ee)
was enhanced relative to that of the analogue 321 (conv. 93%,
chemoselectivity 74% and 74% ee) and was even better than
that of the homogeneous analogue 322 (conv. 78%, chemo-
selectivity 64% and 68% ee).

Gissibl et al. have immobilized azabis(oxazoline) ligands
onto the terminal groups of phosphorus-containing dendrimers
(polyphosphorhydrazone, PPH) (327-Gn). The corresponding
copper(u) complexes were used as immobilised catalysts for the
asymmetric benzoylation of diols (Fig. 79).>®® Interestingly, an
excellent enantioselectivity was observed for the first and the
second generation, but there was a large detrimental effect with
the third generation. The dendritic catalysts afforded compound
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324b with better selectivities than the monomeric counterpart
(328) or those found for the azabis(oxazolines) supported onto
soluble polymers such as MEOPEG (329) or polystyrene (330).>%*
The lack of selectivity found for these non-dendritic systems was
associated with the ability of the achiral triazole moiety, used as
a linker for the attachment, to coordinate with copper.*® In the
case of the dendrimers the triazole moieties were suggested to be
soaked in the globular structure of the dendrimer and only the
chiral azabis(oxazoline) fragments were located at the periphery
of the dendrimer and exposed enough to coordinate to copper,
avoiding non- or less selective reaction pathways.

A very impressive enhancement in selectivity related to a
positive dendrimer effect has been reported by Garcia et al.
for the Rh-catalysed [2+2+2] cycloaddition reactions between
N-tosyl-1,6-diyne and 2-methoxynaphthalene alkynyl derivatives
(Fig. 80).>*® The phosphoramidite ligands for Rh complexation were
also immobilized onto the peripheral groups of PPH dendrimers
(331-Gn). An enhancement in both yield and enantioselectivity
through a positive dendrimer effect was observed. The monomer
(332) almost induced no enantiomeric excess, whereas all the
generations of the dendrimers, from 331-G1 to 331-G3, afforded
a very high enantioselection. It should be noted that the
dimeric homogeneous system (333) was not more efficient
than the monomer 332, excluding simple cooperative site-site
effects. These data pointed out to an effect associated with a
large number of chiral entities in close proximity.

Topicity inversion

The effect of the polymer can be so important that the mor-
phology of the polymeric backbone can even alter the topicity
of the resulting products. The literature contains a limited
number of examples of polymer-bound enantioselective catalysts
for which the topicity of the resulting products can be controlled
through the morphology of the support with the potential for

achieving a dual stereocontrol.*®”
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meric support.

Two of such examples have been reported for catalysts
derived from immobilized tartatic acid esters and used for
the enantioselective Sharpless asymmetric epoxidation reaction
(Fig. 81). Reed et al. found that in the epoxidation of 2-hexen-1-ol
when using poly(ethylene glycol) trans-esterified chiral tartrates
(337-338), the enantioselection observed could be reversed
depending on the PEG chain length.*®® A clear change in topicity
was found to occur when the molecular weight of the PEG chain
acting as the support was around 800 or higher. Similarly,
Garcia et al. have also reported that when using for this chiral
epoxidation a supported tartrate derivative 340, immobilised
onto polyhedral oligomeric silsesquioxanes (POSS), a reversed
enantioselectivity was observed with regard to the use of the
related non-supported ligand 339.%*° In both cases, the change
in enantioselectivity was proposed to occur as a result of the
coexistence of two Ti-ligand complexes which differ in the
molecularity of the ligand, one with a monomeric ligand and
the other with a dimeric ligand. The POSS support and the
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longer PEG chains seem to favor 2:1 instead of 2:2 Ti:ligand
complexes.

The possibility of site isolation or preconcentration of the
catalytic sites as a function of polymer structure and morphology
has also been exploited to achieve a dual stereocontrol in the
case of supported amino amides that are able to provide the two
enantiomers for the Ni(n) catalysed Et,Zn addition to aldehydes
depending on the ligand : metal ratio.***>*

Schurig and coworkers had also reported a reversal in
enantioselectivity upon immobilization for the hetero-Diels-Alder
reaction between trans-1-methoxy-3-trimethylsiloxy-1,3-butadiene
(343) and benzaldehyde catalysed by an oxovanadium complex
(Fig. 82). The (1R)-(+)-oxovanadium(wv) bis[3-heptafluorobutanoyl-
camphorate] attached onto a soluble polymeric dimethylsiloxane
support (341) provided the corresponding adduct with a similar
enantioselection but with an opposite configuration than the one
found for the unsupported catalyst 342.%

Another example clearly illustrating the importance of the
immobilization strategy is given by immobilised Ti-TADDOLates
as catalysts for the Diels-Alder reaction between cyclopentadiene
and 3-crotonoyl-1,3-oxazolidin-2-one (Fig. 83).'*2??'3?2 The
systems prepared by polymerization providing a highly cross-
linked matrix showed, in some cases, a better selectivity than the
analogues prepared by grafting and even better than the homo-
geneous counterpart. For instance, the enantioselectivity
obtained at 0 °C for the monolithic Ti-TADDOLate from 349b
(43% ee) was significantly higher than that observed for the
homogeneous (from 345, 20% ee) and grafted (from 349a, 13%
ee) analogues, under the same conditions. A very remarkable
result, supporting the effect of the polymer, was obtained with
the monolithic derivative 225 (Ar = -3,5-(CH3),~-C¢H3-). In this
case, the major endo enantiomer obtained with the monolithic
ligand 225b was the 25,3R isomer instead of the 2R,3S isomer
obtained with the homogeneous analogue 346 or with the
supported catalyst 225a prepared by grafting. The steric inter-
actions between the structural components of the TADDOL
structure can be modified during the polymerization to form part
of a very rigid crosslinked matrix. This effect can be so dramatic
that it leads to a different kind of asymmetric induction.

The aromatic subunits at the groups bound to the C-2
position of the dioxolane ring are important, as it has been
shown that m-rn interactions with the a-substituent play a key
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349a: (grafting) endo/exo: 80:20, 13% ee (2R,3S)
349b: (monolith) endo/exo: 85:15, 43% ee (2R,3S)
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225a: (grafting) endo/exo: 70:30, 17% ee (2R,3S)
225b: (monolith) endo/exo: 80:20, 20% ee (2S,3R)

Fig. 83 Effect of the immobilisation strategy of TADDOLs on the use of
Ti-TADDOLates as catalysts in Diels—Alder reactions.

role in determining both the nature of the most stable conformer
and the relative stability of the possible transition states.****** In
this regard, polymerization of the corresponding vinylic TADDOL
in a very rigid, highly crosslinked matrix might modify or even
preclude some of those m—r interactions between the aromatic
group at C-2 and one of the 3,5-dimethylpenyl substituents at the
a-positions, modifying the relative energies of the participating
transition states, and favouring in this way the formation of the
endo-28,3R adduct. The generation of main-chain chirality/
chiral cavities derived from the polymerization of a chiral
vinylic monomer should not be excluded.

As mentioned above (Fig. 30) BINOL phosphoric acids
(BNPPA) modified at the 3- and 3’-positions with fragments
containing thienyl groups can be immobilized by direct oxida-
tive coupling of the thiophenes to build up a polymeric network
with intrinsic beneficial properties, such as high surface area
and distinctive microporosity.>°”2°$39> Remarkably, the corres-
ponding immobilized organocatalyst (354) was not only able to
surpass the enantioselectivity of the related monomer (353) in
solution but was also able to invert the absolute configuration
of the product obtained (56% ee (S) for 354 vs. 34% ee (R)
for 353) (Fig. 84). In this case, the crosslinking close to the
reactive center resulted in a significantly bigger steric
hindrance, which seems to benefit the conformation more
favourably for the formation of the S-enantiomer in opposition
to the more flexible system (353). In good agreement with this,
the introduction of more bulky anthracen-9-yl substituents at the
3,3’-positions of the BINOL led to higher enantioselectivities for
the monomeric and the polymeric organocatalysts (99% ee (S)
for 140).>"” In this case, both the monomeric and the polymeric
systems provided the S-enantiomer confirming the importance
of the steric hindrance.
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Fig. 84 Microporous polymeric BINOL phosphoric acids displaying
reversed enantioselection compared to the monomeric unit.

Conclusions

Although many additional examples of polymer supported
chiral catalytic systems can be found in the literature, the
examples presented here illustrate with clarity how the support
is not an innocent partner and plays an essential role in
defining the performance of these systems. The support needs
to be considered as an essential design factor for the prepara-
tion of chiral immobilized catalysts. Through an appropriate
design and selection of the physico-chemical properties of the
polymeric support, it is possible to contribute to enhance the
desired properties of the corresponding catalytic system in
terms of its activity, stability and selectivity, including the
enantioselectivity in the case of chiral systems considered here.
Still, however, there is a need for further studies aiming to
properly understand the molecular basis of many of the posi-
tive support effects discussed here. This will allow in the future
a rational approach to the development of new and improved
polymer supported chiral catalysts.
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