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Catalysts supported by homochiral molecular helices: a new
concept to implement asymmetric amplification in catalytic

science

Yan Li,® Laurent Bouteiller,”® Matthieu Raynal*

Abstract: Connecting intrinsically achiral catalytic centres to helical polymers provides a new class of asymmetric catalysts whose selectivity
exclusively stems from the chiral environment provided by the helical polymer. Chirality amplification phenomena allow to control the
handedness and the helical sense excess of these polymers which in turn dictate the stereochemical direction and the extent of
enantioinduction, respectively, obtained in the course of the asymmetric reaction. This minireview is focused on such helical catalysts built
either on a covalent or a non-covalent scaffold and for which the handedness is controlled by an asymmetric polymerization reaction, by
enantiopure monomers or by chiral additives. The selectivity of catalysts based on a dynamic helical backbone can be controlled by changing
the solvent or with additives. The fact that the enantiomeric state of such asymmetric catalysts can be switched in a predictable way is

particularly emphasized.

Introduction

Asymmetric homogenous catalysis is the ubiquitous method for
the preparation of optically active compounds. This is because in
this process a catalytic amount of a well-designed chiral non-
racemic species is able to assemble prochiral/achiral reagents
and generate multiple copies of a chiral molecule, preferentially
in the form of a single enantiomer. Since major breakthroughs
achieved in the early 1970s, great effort has been devoted to the
development first of enantiopure ligands and organometallic
catalysts!™! and later on of chiral organocatalysts,™ for a plethora
of reactions and compounds, many of them being of industrial
interest. Alongside with optimizing reaction parameters (e.g.
catalytic loading and selectivity), minimizing the catalyst cost is
desirable for practical applications. Along this line, harnessing
asymmetric processes that get rid of or minimize the need of an
enantiopure chemical species is currently under exploration by
means of a variety of physical and chemical approaches.®

In the context of catalytic sciences, the term asymmetric
amplification”! almost exclusively refers to reactions whose
enantioselectivity is higher than the one calculated by
considering only the optical purity of the catalyst.”! In other
words, the apparent optical purity of the ligand or
organocatalyst® is enhanced during the enantiodiscriminating
step. Strong positive non-linear effects (NLE) are observed
when a mixture of enantiopure ligands that is only slightly biased
from the racemic mixture yields an enantioenriched product. The
study of NLE emerged as a powerful mechanistic tool to probe
the nature of the active species, mainly in the context of
asymmetric organometallic reactions.I”) Alternatively, chiral non-
racemic additives are commonly employed to perform
asymmetric reactions with otherwise racemic catalysts.”! As an
extreme case of asymmetric amplification, the Soai reaction
produces a highly enantioenriched pyrimidyl alkanol from
addition of diisopropylzinc to the respective aldehyde in
presence of a nearly racemic seed or of various chiral
environments.”! The formation of tetramer or higher oligomer
structures might explain the incredibly high level of amplification
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observed in this reaction®™ and in related autocatalytic (or
autoinductive) asymmetric processes.*"

The previous statement infers a connection between asymmetric
amplification and catalyst aggregation and indeed, chirality
amplification phenomena are ubiquitous in polymer science and
in molecular self-assembly. In these fields, chiral amplification
refers to the control of the main chain helicity of the
macro/supramolecule by means of cooperative (minute)
conformational biases induced by the monomers.’? These
phenomena might arise when a new element of chirality is
created upon the polymerization or assembly of monomers. In
the 80s-90s, Green and co-workers intensively investigated the
occurrence of such effects for covalent poly(isocyanate)s,* i.e.
polymers with a main chain that adopts a stable but dynamic
helical conformation in solution.™ Single-handed helices can be
obtained not only from homopolymers of enantiopure monomers
but also from copolymers consisting of a mixture of enantiopure
(“sergeants”) and achiral (“soldiers”) monomers. The so-called
“sergeants-and-soldiers” (S&S) effect™ arises when a minor
amount of sergeants is able to control the local conformation of
an excess of soldiers that cannot escape this influence except
through rarely occurring helix reversals. The same explanation is
also valid for a non-racemic (i.e. scalemic) mixture of
enantiomeric monomers in which the major enantiomer controls
the main helicity of the polymer and accordingly such effect is
named as “majority-rules” (MR).'! Combining the sergeants-
and-soldiers and majority-rules effects is possible in the case of
terpolymers composed of achiral monomers and a scalemic
mixture of monomers (“diluted majority-rules”). In this context, it
is also important to mention the possibility of controlling the main
chain helicity of polymers such as poly(triphenymethyl
methacrylate)s™  and  poly(quinoxaline-2,3-diy)s*” by
asymmetric  polymerization since here also the local
conformation of many achiral monomers can be imposed by a
single chiral inducer or catalyst. Chiral additives, which are not
units of the polymer chain, can also be used to lock the
handedness of the helix, which can eventually be kinetically
memorized after their removal (macromolecular helical memory).
Finally, chiral solvents or physical fields!"® constitute alternative
and potentially cost-effective approaches to generate homochiral
helices.™® Whilst helix sense-selective reactions have been
restricted to a few classes of covalent polymers,?? chirality
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Figure 1 a) Different methods to prepare helical catalysts with a chirally-amplified backbone. This minireview focuses on molecular helices made from achiral
monomers used as catalytic sites for an asymmetric reaction. In these systems, the selectivity stems uniquely from the chiral environment provided by the helices

prepared according to methods A-D. The purple helix represents a covalent or a non-covalent backbone. Asymmetric catalysis with helical peptides,
DNAPZ and G-DNAP! hybrids, with chiral catalysts connected to helical polymers
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of the scope of this minireview. b) Nomenclature used in this minireview for the different types of helical catalysts.

amplification through the S&S, MR and diluted MR effects have
also been observed in self-assemblies, particularly in
supramolecular polymers adopting a helical structure.*** 27

In the conclusion of his seminal review on chirality amplification
in macromolecules in 1999,*%¥ M. Green questioned whether it
can be envisaged to “design a catalytic helical polymer directed
to asymmetric synthesis in which the enantiomeric excess of the
products were independent, over a wide range, of the
enantiomeric excess of the units making up the polymer?”. In
this minireview, we will show that indeed, a range of helical
covalent and supramolecular catalytic polymers®® have been
developed which deliver optically-active products with a
selectivity that is, in a certain range, neither related to optical
purity of the monomers nor to the number of chiral units
constituting the helix. The necessary condition for such an
achievement is that intrinsically achiral catalytically-active
monomers, instead of chiral non-racemic catalysts in the case of

with
and with achiral catalytic sites embedded in discrete helical scaffolds®®! is out
NLE, are embedded in a helical macromolecule. The

handedness of these polymers is controlled by means of chirality
amplification effects mentioned above (Figure 1a): (i)
asymmetric polymerization (method A), (ii) the S&S effect
(method B), (iii) the diluted MR effect (method C) or (iv) helicity
induction by means of chiral additives (method D). Here, the
stereochemical direction of the reaction is related to the
handedness of the supporting helix (macro/supramolecular
chirality) not to the stereogenic centres endowed in the
monomeric units (central chirality). Examples illustrating these
criteria will be sorted firstly according to the covalent or non-
covalent nature of their scaffolds, secondly by the method (A-D)
implemented to control the handedness of the helix and finally
by the chemical nature of the macromolecule (see the used
nomenclature in Figure 1b). Helical catalysts whose
enantioselectivity can be reversed or tuned by means of solvent
or chemical additives will be put forward in a specific section.
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Figure 2 Asymmetric Pd-catalyzed allylic substitution reaction with a catalytic
helical poly—(MA).[ZB] a) Synthetic scheme for the preparation of a catalytic
poly-(MA) by asymmetric polymerization and its formula. b) Result obtained in
the allylic substitution reaction. The handedness of the helical catalyst has not
been determined.

1. Chirally-amplified
catalysts

covalent polymer

1.1 Through asymmetric polymerization

Asymmetric polymerization reactions which rely on well-
designed chiral initiators and catalysts have been employed for
the preparation of covalent helical polymers with a preferred
handedness. A textbook example in the field is the anionic
polymerization of triphenymethyl methacrylate (TrMA) with (-)-
sparteine-n-Bu-Li(lll) complex as chiral catalyst which yields
isotactic and optically active poly-(TrMA) as a consequence of
the helical conformation adopted by the polymer backbone.™
Building on this approach, Reggelin and co-workers investigated
in 2002 the possibility of using structurally-related polymers as
scaffolds for asymmetric reactions. MA monomers with pyridine
rings were polymerized with a mixture of DPEDA/(+)-PMP/n-
BuLi which were optically active even though they were initiated
by the achiral DPEDA moiety (Figure 2).?%? Upon mixing with a
Pd precursor, these helical polymers catalyzed an allylic
substitution reaction with good activity but modest
enantioselectivity.”® The most efficient catalyst of this series
was obtained by copolymerization of MAN and TrMA. The 1:1
copolymer, poly-(MAN*-co-TrMA®®), yielded the product of the
substitution with 60% e.e.” These seminal studies
demonstrated that, in the ideal case, multiple homochiral
catalytic sites might be generated from one chiral inducer thus
amplifying the number of chiral catalytic units. However, the
limited conformational stability and the difficult functionalization
of the poly-(MA) backbone seriously limited the scope and
efficiency of this class of polymer catalysts.?® 2!
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Figure 3 Chemical structures of the chiral initiator and the DI monomers used
to prepare the PQX ligands mentioned throughout this minireview.
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Figure 4 Asymmetric palladium-catalysed hydrosilylation of styrene with PQX
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of all monomers in Fig.3). b) Result obtained in the hydrosilylation reaction. c)
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Ed., 2011, 50, 8844-8847. Copyright 2011, Wiley-VCH.



In 2009, building on well-established procedures for the helix-
sense selective and living polymerization of diisocyanide (DI)
monomers, Suginome and co-workers” * reported on the co-
polymerization of the phosphine-functionalized monomer DIPPh,
and non-functionalized monomer Dlacl in the presence of a
chiral organopalladium initiator, Init.*Pd(PPhMe,)! (Figures 3 and
43).B%! poly(quinoxaline-2,3-diyl) (PQX) block copolymers of the
type (Init.*)-poly-(Dlac1-block-DIPPhy-block-Dlacl) were
prepared which differed by the number of units of the different
blocks. In spite of the presence of a single chiral unit located at
the extremity of the polymer chain, the resulting copolymers
exhibited a stable helical conformation (at r.t.) and a preferred
handedness as quantified by a screw-sense excess!®? superior
to 90%. Copolymers with a single phosphine unit surrounded by
two Dlacl blocks provided the best result in the presence of a
palladium precursor for the hydrosilylation of styrene (Figure 4b)
and styrene derivatives (up to 98% yield and 87% e.e.). The
stereochemical direction of the catalytic reaction is fully
controlled by the handedness of the polymers as demonstrated
by similar but opposite configuration of the products obtained by
(P)- and (M)-PQXs. These results were remarkable both in terms
of the level of enantioinduction achieved in an asymmetric
reaction with helical polymers and the extent of chirality
amplification since a single chiral group was enough to control
the chiral conformation of 21 achiral units including one that was
catalytically active. The high enantiodiscrimination ability of this
family of PQX ligands has been attributed to efficient chirality
transfer between the helical polymer main chain and the axis of
chirality supporting the PPh; group (Figure 4c).[5%3

Polymers with high molecular weights are required not only for
facilitating their recycling and reusability but also for exalting
their chiral amplification properties. However, chiral initiators
usually fail to control the handedness of long polymer chains
and even for the relatively short ones the helical induction might
not be optimal. For instance, a 1000 mer-based random
copolymer of DIPPh, and Dlacl, (Init.*)-poly-(DIPPh,*’-co-
Dlac1°®), which only had the chiral terminal group as a source
of screw-sense induction was a poorly selective ligand.F® A
more suitable strategy to generate high molecular weight and
single-handed PQX ligands relies on mixing achiral and chiral
monomers, through the sergeants-and-soldiers approach.

1.2 Through the S&S and dilute MR effects

Living polymerization reactions between achiral catalytically
active monomers (the soldiers) and chiral non-racemic
catalytically inactive monomers (the sergeants) constitute a
facile and easily tunable method for the preparation of dynamic
helical catalysts. One important challenge in this strategy is to
maintain a good level of enantioinduction because any achiral
catalysts that will not be located in the chiral environment
provided by the helical polymer scaffold will significantly
decrease the selectivity of the reaction. Seminal studies on the
induction of a stable and single helical configuration by means of
a few percent of sergeants traced back to 1989.* However, it is
only recently that efficient sergeants-and-soldiers (S&S) type
helical polymers for asymmetric catalysis have been disclosed in
the literature.
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Figure 5 Asymmetric rhodium-catalysed hydrogenation catalyzed by a S&S-
type helical poly-(IC).” a) Chemical structure of the IC monomers and of the
polyisocyanate ligand. b) Result obtained in the hydrogenation reaction.
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Green and co-workers demonstrated that 15% of a chiral non-
racemic isocyanate monomer (ICc, sergeant) was enough to get
single handed polyisocyanate when co-polymerized with an
achiral isocyanate monomer (soldier).* In 2004, Reggelin and
co-workers attempted to design a catalytic version of these S&S-
type polymers by mixing ICc with a phosphine-functionalized
monomer (ICPPh,, Figure 5). When coordinated to rhodium,
polymer poly-(ICPPh,*®-co-ICc®®) proved to catalyze the
hydrogenation of N-acetamidocinnamic acid efficiently
(conversion>99%) but with low enantioselectivity (15% e.e.).”®
More recently, Yashima and co-workers prepared a range of
helical poly(phenylacetylene)s, poly-(PA)s, composed of chiral
and achiral PA monomers endowed with different imidazolinone
side chains.®¥ The achiral monomer contained a basic
secondary amine which is known to activate carbonyl
compounds while the chiral monomer embedded a cyclic tertiary
amide moiety and was thus catalytically inactive. After screening
the influence of the structure of a range of monomers on the rate
and selectivity of a Diels-Alder reaction of reference, they
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established that the random copolymers incorporating achiral
PAN and chiral non-racemic PAc monomers provided the best
enantioselectivity (Figure 6). Poly-(PAN?*-co-PAc®*®) with 95% of
PAc furnished the Diels-Alder adduct with unusual exo
selectivity (exo/endo=3.5) and modest enantioselectivities (32%
e.e. and 12% e.e. for exo and endo products, respectively). The
non-helical version of this copolymer, obtained upon
isomerization of the PA backbone upon grinding, was almost
non-selective which demonstrated that the macromolecular
helicity (not the chiral side chains) dictated the selectivity
outcome of the reaction. Lowering the fraction of chiral
monomers in the copolymer resulted in a non-linear decrease of
the enantioselectivity, yet the highest enantioselectivity was
obtained for the copolymer containing as much as 95% chiral
monomers.

Far higher degree of enantioselection has been reported with
sergeants-and-soldiers type PQXs ligands. A 1000 mer-based
PQX ligand obtained by copolymerization of DIPPh, (5%) and
Dlcl (95%) with an achiral organonickel initiator furnished the
hydrosilylation product with 97% e.e. (Figure 4b).* A related
PQX ligand with only 5% of Dicl was still significantly selective
(70% e.e.). This demonstrated a good control of the handedness
of the helix by a small fraction of sergeants in these S&S-type
PQX ligands. Copolymers of the type poly-(DIPPh,*°-co-DIc1%%),
i.e. with 95% of chiral units and 5% of phosphine-functionalized
units, were investigated in different catalytic reactions. In
addition to the above-mentioned hydrosilylation reaction, 3¢
they proved to be remarkably selective ligands for palladium-
catalyzed asymmetric Suzuki-Miyaura reactions® *") (up to 98%
e.e) and arylative ring-opening of  1,4-epoxy-1,4-
dihydronaphthalene (up to 94% e.e.)¥ In the silaborative
cleavage of meso-methylenecyclopropanest® (up to 97% e.e.),
these PQXs ligands provided comparable or higher selectivities
than known discrete chiral ligands. Changing the nature of the
catalytically active monomer to a nitrogen-containing unit
extended the scope of these PQX catalysts towards other
asymmetric metal-catalyzed reactions*” or organocatalytic
reactions.*!
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The influence of the chemical nature of sergeants on the optical
purity of the resulting PQXs has been precisely probed with the
aim of intensifying the extent of chirality amplification and the
dynamic nature of PQX ligands.”® Notably, improved levels of
chirality amplification were reported for DI sergeants having a
(-)-menthol moiety located at the 6- and 7-positions (DIc2) or at
the 5- and 8-positions (DIc3) of the quinoxaline ring (Figure 7).
CD spectroscopy analyses revealed that polymers incorporating
Dic2 or DIc3 adopt opposite handedness even though these
sergeants possess the same chiral moiety. The PQX ligand,
poly-(DIPPh;*°-co-Dlac17%-co-DIc2°®), with only 20% of
sergeants units, adopted a pure (P)-helical conformation and
provided the (S) hydrosilylation product with 95% e.e. Consistent
with the CD data, the (R)-hydrosilylation product was the main
enantiomer when the reaction was conducted with the PQX
ligands  containing Dlc3  sergeants. Likewise, the
enantioselectivity of the hydrosilylation reaction was precisely
probed as a function of the fraction of DIc3 in these PQX ligands.
Despite the fact that the helical backbone required 15% of Dilc3
to adopt an absolute (M)-helical conformation, the selectivity
was found to be maximal (90% e.e.) for 10% of DIc3 and then
decreased for PQX ligands having higher ratios of DIc3. This
intriguing effect was attributed to disorder of the helical structure
induced by the sergeant and more precisely by the bulkiness of
the chiral groups at the 5- and 8-positions.
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Further work revealed that, for the same sergeant, the
handedness of PQX helix can be controlled by its fraction and
position in the copolymer. 100 mer-based random copolymers of
Dlc4 and Dlac2 exhibited a single handed (P)-helix with 16%-
20% of Dic4 and a pure (M)-helix with more than 60% of
DIc4."% Sych an abnormal S&S effect!*™! occurs when the
preference of screw-sense induction of the sergeant depends on
the nature of monomer units (sergeants or soldiers) in its
immediate vicinity. This phenomenon was thus exploited to
control the handedness of the PQX ligand by changing solely
the sequence of the sergeants and soldiers. Two PQX ligands
were prepared which both contained 18% of sergeants but
distributed differently along the PQX main chain (Figure 8). The
palladium complexes of the random PQX ligand, poly-(DIPPh,?-
co-Dlac,*%-co-DIc4®), and of the block PQX ligand, poly-
(DIPPh,?-co-DIc4®-block-Dlac2*?), furnished the (S) and (R)
hydrosilylation product of -methylstyrene, respectively, with the
same selectivity (94% e.e., Figure 8).

Chirality-amplification in PQX ligands was also achieved by
means of non-racemic mixtures of enantiopure sergeants
(diluted MR effect). A 1000 mer-based PQX ligand was found to
adopt an almost absolute (P)-helical conformation even though
the optical purity of DIcl was as low as 30% e.e. (biased in favor
of the (R,R)-enantiomer, Figure 8).*! As a result of the chirally-
amplified nature of its scaffold, this PQX ligand promoted the
palladium-catalysed hydrosilylation of p-methylstyrene with
excellent enantioselectivity (94% e.e.). In addition, a monomer
with 2-octyloxymethyl side chains, DIc5, was prepared from 23%
e.e. (R)-2-octanol, a readily available enantio-enriched mixture
of alcohols, and used as a non-optically pure chiral inducer. The
resulting PQX ligand, poly-(DIPPh,'°-co-DIc5%®) exhibited
excellent enantioselectivities in both the palladium-catalysed
hydrosilylation of B-methylstryrene (94% e.e., Figure 8) and the
Suzuki-Miyaura  coupling  between  dimethoxyphosphinyl-
substituted 1-naphthyl bromide and 1-naphthaleneboronic acid
(93% e.e.). These results highlighted the possibility of using a
single chiral source with low e.e. value to generate highly
selective helical catalysts.
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Figure 10. Asymmetric palladium-catalysed silaborative C-C bond cleavage
of meso-methylenecyclopropane with a combination of a PQX ligand and a
chiral additive.””

1.3 By addition of chiral additives

Chiral additives, that are not part of the polymer main chain, can
also be employed to impose a preferred handedness to covalent
macromolecules. Removal of these additives may not be
accompanied by racemization of the main chain at the condition
that the helicity is kinetically locked (chiral memory effect).
Yashima and co-workers demonstrated that such phenomena
are operative for poly(4-carboxyphenyl isocyanide), poly-(Pl), a
racemic helical polymer that folds into a single-handed helix
upon induction by an optically-active amine in water.”! After
removal of the chiral inducer, h-poly-(PI**®) (h stands for
memorized chiral helix) retains its helicity during a timescale that
allows for its derivatization (Figure 9). The acidic groups of poly-
(P1'®) served to introduce various amounts of piperazine (PIN)
functions at the periphery of the polymer.*y Importantly, no
significant racemization of the helix occurred during the
functionalization process. Poly-(PI1*®2-co-PIN®), which contained
= 10% of piperazine units for activation of ketones, promoted the
aldol reaction between cyclohexanone and 4-nitrobenzaldehyde
with modest enantioselectivity (12% e.e., anti isomer). Yet, this
example exploits the unique ability of some macromolecular
helices to amplify and retain their inherent chirality in order to
support catalytic centres that can be employed to produce
optically-enriched compounds.

Condensation of chiral additives, such as diols, diamines and
amino alcohols, to the boronic acid side chains of PQX polymers
successfully induced a preferred handedness to the polymer
main chain.*® A polymer endowed with both boronyl (5%,
Dlac3) and 2-[bis(3,5-dimethylphenyl)phosphino]phenyl
pendants (5%, DIP(3,5-Xyl);) was designed as a PQX ligand
with a dynamic helical backbone (Figure 10). This PQX ligand
and (S,S)-2-amino-1,2-diphenylethanol, the chiral inducer,
proved to be the combination of choice for the palladium-
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Figure 11. Asymmetric metal-catalysed reactions with supramolecular helical catalysts. a) Schematic representation of the preparation and mode of action of S&S
type non-covalent helical catalysts. b) Chemical structures of the BTA monomers. c) Results in the asymmetric rhodium-catalysed hydrogenation of dimethyl

itaconate.*®! d) Results in the asymmetric copper-catalysed hydrosilylation of 4-nitroacetophenone.

catalysed silaborative C-C bond cleavage of meso-
methylenecyclopropane (91% e.e.). Since this result was
achieved with only 1 equivalent of chiral inducer per 19 achiral
units (including 1 boronyl pendant), it means that chirality
amplification was strongly operative in this PQX ligand. A similar
experiment was performed with the same ligand but by adding a
non-optically pure mixture of 2-amino-1,2-diphenylethanol
enantiomers as chiral additives (33% e.e., 10 equiv. per boronic

pendants). The reaction also proceeded selectively albeit the e.e.

was slightly lower (87% e.e.). In these examples, the chiral
additives constitute an alternative to enantiopure monomers for
controlling and amplifying the main chain chirality of the helical
catalyst.

2. Chirally-amplified
polymer catalysts

supramolecular

Impressive efforts have been made in the control of the chirality
of supramolecular polymers, notably by means of the S&S and
MR effects.’*® 8 27 However, asymmetric catalytic reactions
whose enantioselectivity is solely controlled by the helicity of the
supramolecular polymers have only been reported by the groups
of Liu®? and Raynal®®*® ! and only the latter has investigated
chirally-amplified assemblies in that context.

The ability of benzene-1,3,5-tricarboxamide (BTA) molecules®
to predictably assemble into robust threefold hydrogen-bonded
helical assemblies in apolar solvents was exploited to control the

[49]

handedness of supramolecular helical BTA catalysts (Figure
11a). The combination of the achiral monomer BTAm-PPh,
(Figure 11b) and the enantiopure but phosphorus-free BTA
monomer, BTAcl, in a 1:1.25 ratio, proved to be slightly
selective for the rhodium-catalysed hydrogenation of dimethyl
itaconate (31% e.e., Figure 11c).”® A control experiment,
performed with an analogue of BTAmM-PPh, that is unable to self-
assemble (“*BTAm-PPh,), showed no selectivity under the
same conditions which demonstrates that the observed
enantioselectivity, albeit modest, stems from the helical nature of
the co-assembly formed between BTAm-PPh, and BTAcl. The
role of BTA c1 in these co-assemblies is thought to be similar to
the role of a sergeant in the S&S-type covalent helical catalysts
mentioned above.

BTA derived from a-amino esters®™ were found to be far more
efficient sergeants than BTAcl. The selectivity was remarkably
increased for the same catalytic reaction when BTAm-PPh, was
mixed with 1.25 equivalent of the BTAs derived from Norleucine
(BTA c2, 74% e.e.), Valine (BTA c3, 85% e.e.) or Isoleucine
(BTA c4, 85% e.e.)."® Likewise, the amount of BTAc4 in the
catalytic mixture was varied (Figure 12a). For mixtures with a
minority of sergeants, the selectivity of the reaction increased
non linearly and reached a plateau corresponding to the optimal
selectivity for the mixture with ca. 20% of BTA c4. It means that
one molecule of sergeant is sufficient to induce
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a chiral environment to four achiral ligands (or two rhodium
catalytic centres). A series of spectroscopic and scattering
analyses confirmed the formation of a chirally-amplified co-
assembly with a single BTA molecule in the cross-section for
this mixture. The major enantiomer and the selectivity of the
catalytic reaction are thus related to the handedness and the net
helicity of the co-assemblies, respectively. It is worth mentioning
here that the chirally-amplified PQX asymmetric catalysts
mentioned in the preceding section require the use of an achiral
monomer acting as a spacer between the catalytic sites and
thus the amount of sergeant in these systems is actually larger
than the catalytic loading. The supramolecular asymmetric
catalyst built on the BTA scaffold thus constituted the first
example in which a substoichiometric amount of a chiral inducer
relative to the achiral ligand can be used without eroding the
stereoselectivity of the catalytic reaction. Conversely, the
selectivity noticeably decreased for mixtures containing a higher
content of enantiopure co-monomer (= 60%). However, CD
analyses showed that the helices were still single-handed which
discarded the occurrence of an abnormal S&S effect as
mentioned above for PQX ligands. We postulated that this
erosion of selectivity was rather due to a change in the
coordination mode of the supramolecular ligand: from a selective
chelating ligand in low-content BTA c4 mixtures (see a
representation in Figure 12a) to poorly selective bridging ligand
in high-content sergeant mixtures. This change in the

coordination mode of the ligand is a consequence of the
dynamic nature of this class of hydrogen-bonded catalysts.

Later, mixtures of related BTA monomers were evaluated in the
copper-catalyzed hydrosilylation of 4-nitroacetophenone."!
Here, the combination of BTAp-PPh; and the enantiopure BTA
derived from cyclohexylalanine, BTA ¢5 (1.1 equiv.), displayed
the highest selectivity (54% e.e. at room temperature, Figure
11c). In-depth characterization of this catalytic mixture revealed
that co-assemblies were one-dimensional, very long (DP, = 250)
stacks with a single molecule in the cross-section and contained
approximately two BTAp-PPh, molecules for one BTA ¢5.5" The
selectivity was then recorded as a function of the optical purity of
BTA c¢5 (Figure 12b) and interestingly an almost optimal
selectivity was obtained for a 2:1 mixture of enantiomers (33%
e.e.). The chiroptical properties of these mixtures were assessed
by circular dichroism. The curve describing the helicity of the
BTA co-assemblies as a function of the optical purity of the
sergeant was similar to the one obtained for the selectivity
(Figure 12b). This demonstrates that the chirality amplification
effect observed in the catalytic experiments stems from the
chirally-amplified nature of the helical scaffold of the catalyst.
The dynamic nature of the assemblies was further exploited to
switch and tune the selectivity of consecutive catalytic reactions
(vide infra).
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Figure 13 Selectivity-switchable PQX ligands triggered by the solvent. (a] Dlc5
respectively (see also Fig. 8a).

3. Switchable catalysis with
amplified polymer catalysts

chirally-

3.1 Enantiodivergent catalysis promoted by solvent
nature

As a consequence of the conformational flexibility of their main
chain, a range of helical macromolecules undergo a reversible
switch of their handedness upon activation by various chemical
or photophysical stimuli.”® The helical backbone of PQXs is
particularly prone to stereochemical inversion since bidirectional
induction had been achieved by changing the position of the
chiral moiety on the quinaxoline ring (Figure 7)* by modifying
the structure of the soldier® or the sergeant,“® by controlling
the sequence of the monomers (Figure 8a),“* or by the
solvent, 0P 33 35-87, 3941, 43,541 The e of the solvent effect™ to
switch the main helical sense of PQX-based catalysts offers the
possibility to produce both enantiomers of a reaction starting
from the same chiral catalyst. Achieving enantiodivergency in a
rational and predictable manner is a current challenge in
stereoselective catalytic reactions.

Based on the initial finding that PQXs bearing chiral (R)-2-
butoxymethyl side chains adopt pure but opposite screw senses
in CHCls and 1,1,2-trichloroethane (TCE),®* switchable PQX

is a mixture of the d, I, and meso isomers in a ratio of 38.8 : 15.8 : 45.4,

ligands were prepared by copolymerization of DIPPh, and Dlcl.
Helical inversion to (M)-helix occurred upon heating a solution of
the as synthesized (P)-helical ligands in TCE/THF or
TCE/toluene. Full inversion of the handedness of the PQX ligand
resulted in the highly enantioselective production of both
enantiomers in a range of catalytic reactions.%® 33 37 39-41]
Interestingly, the MR-type PQX ligand mentioned in Figure 8a
with a highly chirally-amplified helical backbone also exhibited
inversion of the selectivity in these solvent mixtures (Figure
lSa).[AZb]

The need of halogenated solvents somewhat impedes the
general applicability of the PQX ligand, notably for metal-
catalyzed cross-coupling reactions, and thus PQXs which can
invert their handedness in other solvents have been developed.
An important element of design is the nature of the chiral
monomer. Poly-(DIc1*®) showed no inversion of its helicity in
alkanes while poly-(DIc4*®®) adopted a (P)- or (M)-helix in
cyclooctane and n-octane, respectively.®® Consequently, the
PQX ligand incorporating 99% of DIlc4 and 1% of DIPPh;
yielded both enantiomers in the hydrosilylation of styrene
depending on the nature of the alkane solvent selected to
conduct the reaction (Figure 13b). When considering S&S-type
PQXs, the selection of the soldier was also found to be crucial
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for the observation of the solvent-induced reversal of selectivity.
Poly-(Dlc4®-co-Dlac2'®) adopted exclusively a (P)-helical
conformation in various aromatic solvents. Conversely, poly-
(Dlc4®-co-Dlac1'®), which contains the same sergeants but a
different soldier, exhibited opposite handedness in benzene
((M)-helix) and PhCF3 ((P)-helix).®*® This result was exploited to
design a PQX ligand mainly composed of Dic4 and Dlacl and
with only 1% of DIPPh, in order to maintain the solvent effect.
This S&S-type PQX ligand, poly-(DIPPh,'°-co-Dlac1%®-co
DIc4*®), promoted the palladium-catalyzed Suzuki-Miyaura
shown in Figure 13c with high and opposite enantioselectivities
in benzene (91% e.e., (R)-product) and PhCF; (96% e.e., (S)-
product).

Such a stereochemical inversion of the catalytic outcome by the
solvent is particularly valuable when the chiral catalyst is derived
from a naturally occurring chiral compound. The PQX
homopolymer derived from L-lactic acid, poly-(DIc6*°), was found
to be right-handed in MTBE and left-handed in a range of other
ether solvents.®’® The PQX ligand incorporating 95% of DIc,
poly-(DIPPh,*°-co-DIc6'), adopted almost absolute (M)- and
(P)-helical structures in 1,2-DME and MTBE, respectively, and
thus furnished both enantiomers in the Suzuki-Miyaura coupling
shown in Figure 13d when the reaction was performed in these
solvents.
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3.2 Enantiodivergent catalysis promoted by the
addition of a chiral monomer

Inverting the enantioselectivity of a single catalyst involved in
consecutive reactions can afford selecting a single enantiomer in
one pot stereoselective cascade reactions®™ or controlling the
tacticity®” of stereoblock copolymers. With these far-reaching
objectives in mind, we designed a supramolecular helical
catalyst whose selectivity can be rationally controlled in real time
by simple addition of a chiral monomer. This concept relies on
the possibility of switching the handedness, and thus the
selectivity, of the chirally-amplified BTA helical ligand by
changing the nature of majority sergeant enantiomer (Figure
14a). A series of catalytic experiments demonstrated that the
stereochemical preference of the BTA catalyst can indeed be
switched in ca. 5 seconds upon adding an excess of an
enantiomer in the co-assemblies. It allows the selectivity of the
catalyst to be switched during a reaction. In particular,
controlling the handedness of the helical catalyst, (P) only, (M)
only, (P) then (M), and (M) then (P), during the hydrosilylation of
a mixture of two substrates displaying different reactivity
generates all the combinations of the product enantiomers, i.e.
(R);(R), (9);(S), (R);(S) and (S);(R), respectively (Figure 14b).
The chirally-amplified nature of the helix and its rapid inversion
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cause no significant dwindling of the selectivity when the
enantiomeric state of the catalyst is repeatedly changed during
the course of the catalytic reaction.

3.3 Modulation of selectivity by reversible assembly of
supramolecular helices

The hydrogen-bonded network connecting the monomer units of
a supramolecular polymer is particularly sensitive to the
environment. Whilst their dynamic nature hampers the
preparation of BTA catalysts with a monodispersed size, anions
can be used to reduce their average length without affecting
their structure. We anticipated that the selectivity provided by the
helical co-assemblies composed of BTAp-PPh; and BTA ¢5 can
be tuned to a certain extent by changing the average length of
the supramolecular helices. We indeed found that the
enantioselectivity gradually decreased as a function of the
amount of chloride anions present during the hydrosilylation of
4-nitroacetophenone: from 44% e.e. (0.3 equiv. relative to BTAp-
PPh;) to 0% e.e (1.0 equiv.). The chloride anions could then be
removed through a salt metathesis reaction under the form of
sodium chloride (see a schematic representation of the concept
in Figure 15a). Adding NaNTf; to the catalytic mixture containing
chloride anions led to an increase of the selectivity and this
combination of salts allows a reversible switch of the
enantioselectivity in four successive reactions (Figure 15b).
Thorough characterization of the co-assemblies present during
the first three runs corroborated the relation between the
average length of the helices, the chiral environment of the

ligand and the selectivity of the catalytic reaction. It was also
established that a critical length in the range of ca. ten monomer
units was required to locate most of the copper centres in a
chiral environment suitable for asymmetric induction. This
constitutes a robust design for the development of future
catalysts based on these dynamic helical nanostructures.

Summary and Outlook

Up to now, chirality amplification in the context of asymmetric
catalysis has mostly been associated to the increase of the
apparent optical purity of a mixture of enantiopure catalysts
(positive NLE effects) or to the enhanced selectivity promoted by
auto-induction processes. These effects likely arise from
intricate aggregation phenomena involving several molecules
involved in the catalytic reaction. Conversely, chirality
amplification is a ubiquitous and well characterized phenomenon
in polymer science which occurs when a helical polymer adopts
a single handed conformation even through it is not solely
constituted of enantiopure monomers. However, it was only ten
years ago that helical covalent polymers, with intrinsically achiral
catalytic centres embedded in a chirally-amplified polymer main
chain, was found to promote asymmetric reactions with a
significant level of enantioinduction. The modest selectivity
reported for helical catalysts developed prior to 2009 likely
resulted from the poor enantiodifferentiating environment
provided by the helix and the limited stability of the helical
conformation. Today, these two crucial factors remain
challenging to predict when it comes to envisage a new type of



helical catalyst. In this context, poly(quinoxaline-2,3-diyl)s
proved to be the most versatile backbone to date since it
provided a suitable chiral environment for achiral Pd and Cu
complexes and for 4-aminopyridine moieties which in turn
promoted different types of asymmetric reactions with
satisfactory levels of enantioselectivity. Efficient chirality transfer
between the stereogenic centres (central chirality) located in the
sergeant side chain, the helical backbone (helical chirality) and
the phenyl group (axial chirality) supporting the catalytic centre
is likely at the origin of the high degree of enantioinduction
achieved with these helical catalysts. Another benefit of this
class polymer relies on the conformationally flexible character of
their helical main chain which allows to switch the
enantioselectivity with the same chiral catalyst by simply
changing the nature of the solvent used to conduct the catalytic
reaction. In the last six years, good levels of enantioselection
have also been achieved by supporting achiral rhodium and
copper catalytic centres at the periphery of supramolecular
helices. Here, the catalyst composition is highly tunable since it
is prepared by in situ co-assembly between phosphine-
functionalized benzene-1,3,5-tricarboxamide (BTA) units and
enantiopure  BTA monomers. The dynamic nature of the
hydrogen-bonded network connecting the different units allows
to tune the selectivity in real time during consecutive reactions.
Also, thanks to good chirality amplification properties of the BTA
scaffold, the amount of sergeants can be decreased below the
catalytic loading without impairing the selectivity. Finally, the
rational design of these catalysts is made possible by the direct
relationship between the sergeant chirality, the supramolecular
helix handedness and the enantioselectivity of the catalytic
reaction.

Overall, one can consider that helical catalysts built on a chirally-
amplified backbone are at their early stage of development. For
example, the scope of organometallic reactions promoted by
these catalysts is limited and extension of this scope will require
a better control of the coordination mode of the ligands located
at the periphery of the helices which is a challenge to date.
Ongoing effort must be devoted to enhance the dynamic
features of these helical catalysts as well as to develop new
properties such as cooperativity between the catalytic sites. A
single catalyst combining all these properties will allow
applications that are out of reach of conventional molecular
catalysts. As asymmetric induction and amplification phenomena
might have been involved in prebiotic chemistry,?* studying
such helical catalysts built on highly chirally-amplified scaffolds
or on related spontaneous mirror symmetry broken assemblies
may also serve as model systems for understanding the initial
chemical events that have led to homochirality on Earth. We
hope that the present review will foster further work towards
these directions.
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