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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


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 March 2018. Downloaded on 4/20/2024 3:43:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

[S]
— — @ PFg — —@OTf

(o]
R
N
©/k ‘ \N/ '/l .“\\N,,/C/CHa

L 1,93%ee (R) - — —

(o] [e]

R= /@/0\/\/\/\0% O\/\/\/\Okph
. 2,97% ee (R) %/© 4, 98% ee (R)
H
H
0\/\/N7(O
o °

O\/\/NYO\Bn

e 3,97% ee (R) © i 5,97% ee (R)
CH3 6

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
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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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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
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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 T

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,

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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0.450 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
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123 X
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O o \)2)\
(O~ :
PPh, PPh,
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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,
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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)
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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 s