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As an active branch within the field of supramolecular polymers, chiral supramolecular polymers (SPs)
are an excellent benchmark to generate helical structures that can clarify the origin of homochirality in
Nature or help determine new exciting functionalities of organic materials. Herein, we highlight the most
utilized strategies to build up chiral SPs by using chiral monomeric units or external stimuli. Selected
examples of transfer of asymmetry, in which the point or axial chirality contained by the monomeric
units is efficiently transferred to the supramolecular scaffold yielding enantioenriched helical structures,
will be presented. The importance of the thermodynamics and kinetics associated with those processes
is stressed, especially the influence that parameters such as the helix reversal and mismatch penalties
exert on the achievement of amplification of asymmetry in co-assembled systems will also be
Received 24th June 2023 considered. Remarkable examples of breaking symmetry, in which chiral supramolecular polymers can
DOI: 10.1039/d3cs00470h be attained from achiral self-assembling units by applying external stimuli like stirring, solvent or light,
are highlighted. Finally, the specific and promising applications of chiral supramolecular polymers are
rsc.li/chem-soc-rev presented with recent relevant examples.

Introduction

Chirality, from the Greek word kheir which means hand, is the
geometric property of an object of not being superimposable on
its mirror image (Fig. 1(a)). Chirality, and some related terms

Departamento de Quimica Organica, Facultad de Ciencias Quimicas, Universidad
Complutense de Madrid, Ciudad Universitaria s/n, 28040-Madrid, Spain.
E-mail: lusamar@ucm.es

Fatima Garcla received her PhD degree in 2013 from the
Universidad Complutense de Madrid (ES) for research in the
group of Prof. Luis Sdanchez. After postdoctoral positions at the
Wageningen University (NL) and CiQUS-Universidad de Santiago
(ES) de Compostela, in 2021 she took up a position as an assistant
professor in the Organic Chemistry Department at the Universidad
Complutense de Madrid (ES). Her current research interests lie in
supramolecular chemistry and catalysis. The research of Prof.
Rafael Gomez Aspe is focused on the design, synthesis and
characterization of organic molecules that self-assemble into
supramolecular structures. Although helixes are the most
intriguing to him, he is also interested in opto- and electroactive
materials and in the chemistry of natural products. He has worked

From left to right: Rafael Gomez, Fatima Garcia and Luis
sanchez in different universities and in industry and has been part of the

group “Amphiphilic molecules and supramolecular polymers” for
many years now at UCM, where he combines research and educational responsibilities. Prof. Luis Sanchez is a Full Professor of Organic
Chemistry at the Universidad Complutense de Madrid (UCM), Spain. In 2002, he was appointed as an associate professor at UCM and he
was promoted to Full Professor in October, 2017. He is currently the principal investigator of the group “Amphiphilic molecules and
supramolecular polymers” at UCM. He was awarded with the Prize to Novel Researchers of the RSEQ in 2003. He has directed and co-
directed several Doctoral Theses, three of which have been awarded as the best theses in Chemistry at the Community of Madrid (2009,
2013 and 2018). In 2020, he was awarded with the Ignacio Ribas Medal by the Specialized Group on Organic Chemistry of the Spanish
Royal Society of Chemistry (RSEQ). He is currently the vice Dean of research and doctorate at the Faculty of Chemical Sciences at UCM.

7524 | Chem. Soc. Rev,, 2023, 52, 7524-7548 This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0002-7996-283X
https://orcid.org/0000-0001-6862-327X
https://orcid.org/0000-0001-7867-8522
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cs00470h&domain=pdf&date_stamp=2023-10-11
https://rsc.li/chem-soc-rev
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00470h
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS052021

Open Access Article. Published on 11 October 2023. Downloaded on 11/5/2025 10:07:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

such as asymmetry, handedness, symmetry breaking, parity
violation, or enantiorecognition are present in the natural
world, which ranges from the nanoscale, involving particles
like neutrinos or molecules, to the macroscale, including living
systems and galaxies (Fig. 1(b)-(d)). The presence of chirality in
such a vast range of scales makes this property an object of
study for many disciplines in life sciences, like maths, physics,
biology and, very especially, chemistry. Since the discovery of
chirality and the first chiral resolution made by Pasteur by
separating the enantiomeric crystals of the double sodium-
ammonium salt of tartaric acid," an enormous number of
studies about chirality have been developed. From a chemical
point of view, the effects of thalidomide on children which were
detected in the 1950s, prompted an investigation of chirality in
the context of new enantiomeric and diastereomeric synthetic
protocols,” new chiral resolution processes® or in the emer-
gence of new technologies.” However, one of the most challen-
ging goals related to chirality is unravelling the origin of
homochirality, that is, how does Nature chose p-sugars and
L-amino acids endowed with a specific handedness as the chiral
constitutive units of functional biomolecules like DNA, RNA,
proteins or carbohydrates.” It is generally accepted that in the
prebiotic world, a minute enantiomeric excess (ee) emerged to
initiate an initial asymmetry. Then, the propagation of this
initial chiral differentiation should have been accompanied by
an autocatalytic process that finally yielded families of com-
pounds with high optical purity.® The extensive work developed
by Soai and co-workers on the chiral autocatalytic alkylation
of pyrimidyl aldehydes with diisopropylzinc to afford chiral
alcohols brought to light the concept of amplification of
asymmetry.”

To unveil the origin of homochirality, and taking the helical
nature of DNA or a number of proteins as examples, it is clear
that the helix is a paradigm among the chiral entities called to
play a crucial role in this area.® The clockwise or anticlockwise
twist of helical structures yields an intrinsic chiral entity whose
asymmetry is propagated along the helical axis. On the other
hand, it is well established that r-amino acids usually form
diastereomeric, right-handed (P-type) a-helices. Building up the
diastereomeric, left-handed (M-type) helices from such r-amino
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acids would be possible, but the energetic difference between
these two diastereomeric structures is so high (around 21 kJ
mol ! in the simulated neutral a-helical Alag) that interconver-
sion is not feasible.’

The helix motif has been demonstrated to be of paramount
relevance in the field of polymeric materials since the proper-
ties of the isotactic, atactic and syndiotactic versions of a
certain polymer are drastically different."® Many efforts
have been made to achieve helical polymers in a non-racemic
way,"" prompted by the applicability of helical polymers in a
number of scientific and technological applications like ferro-
electric liquid crystals, enantiomer separation or asymmetric
catalysis.’” However, many helical polymers are still prepared
in an achiral way that involves helical polymers with fragments
of opposite turn or racemic mixtures of M- and P-type helical
structures (Fig. 1(e))."> Especially relevant were the seminal
studies carried out by Green and co-workers on the amplifica-
tion of asymmetry on polyisocyanides. Thus, copolymerization
with minute amounts of chiral monomers in the synthesis of
poly(n-hexylisocyanate) afforded homochiral polyisocyanides.'*
these demonstrated that
unequal amounts of two enantiomeric polyisocyanides gener-

Furthermore, authors mixing
ated homochiral mixtures depending on the enantiomeric
excess. The former effect was termed ‘‘sergeants-and-soldiers”
(SaS) and the latter phenomenon was termed “majority-rules”
(MR)."> Both experiments opened the door to the studies on
amplification of asymmetry in some other covalent polymers
like poly(phenylacetylene)s and polysilanes.*®

In recent decades, and taking into account that the screw-
sense of helical structures is strongly determined by non-
covalent interactions among chiral entities, a new concept
for helical polymers emerged from supramolecular chemistry.
Thus, the seminal works by Nolte on phthalocyanines’” and
Aida and co-workers on self-assembled porphyrins,'® comple-
mented by later works by Fujiki revealing the importance of a
substitution pattern with multiple hydrogen-bonding pendants
at peripheral positions to attain a favourable supramolecular
aggregation of porphirines,'® and the posterior report by Lehn
and co-workers on the complementary H-bonding interactions
between ditopic uracils and 2,6-diacetylamidopyridines,*”

M-[6]helicene  P-[6]helicene

G —— WD A ana/ NV

Fig. 1 Paradigms of chiral entities: (a) Representation of the non-superimposable mirror images of right and left hands. (b) Chiral molecules endowed
with point (limonene) and axial ([6]helicene) chirality. (c) Spiral arrangement of the galaxy NGD 6744. (d) Cartoon representation of a trimeric coiled coil.
(Reproduced from Mol. BioSyst., 2015, 11, 1794 with permission from the Royal Society of Chemistry, copyright 2015.) (e) Schematic representation of
helical covalent polymers as a mixture of right- and left-handed species (left) and a helical polymer with fragments of opposite turns (right).
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triggered the area of supramolecular polymers (SPs).”" In good
analogy with a covalent polymer, a SP can be defined as a
macromolecule in which the monomeric units are held
together by non-covalent interactions. In the last few years,
SPs have found applicability in a number of scientific areas like
elastomers,”” biomedicine,” optoelectronic devices,”* adhe-
sives,” enantioselective catalysis,*® photocatalysis®” or just to
create beautiful and amazing objects.>® Despite the different
approaches to classify SPs depending on the nature of the self-
assembling units or on the non-covalent forces operating to
build up the aggregated species, the most utilized feature is the
supramolecular polymerization mechanism. The classification
of SP by the mechanism of formation involves the evaluation of
the Gibbs free energy of the polymer as a function of conversion
(thermodynamical classification) and is based on the classifica-
tion made by Carothers for covalent polymers in 1931.%° Two
main supramolecular polymerization mechanisms have been
described for SPs. The first of them is the isodesmic mecha-
nism, comparable to the step-growth polymerization in cova-
lent polymers, and the cooperative or nucleation-elongation
mechanism that is comparable to the chain-growth covalent
polymerization. In the former, the supramolecular polymeriza-
tion is well-described by a single binding constant while in the
latter, the supramolecular polymerization involves two different
regimes: the nucleation, a thermodynamically unfavourable
initial step that yields nuclei, and the elongation regime in
which these nuclei grow up to form the final aggregated
species. Therefore, a cooperative mechanism is defined by
two different binding constants, the nucleation K, and the
elongation K., and the degree of cooperativity (¢) described as
the quotient between K, and K.. Thus, the lower the value of o
is, the higher the cooperativity of the process.*® In cooperative
SPs, generally multiple but strongly directional Pauling type
C=—O0/H-N hydrogen bonding is combined with co-facial n-n
stacking,*! but several non-directional ‘attractive’ weak forces,
including C-H/r, C-H/O-C, C-H/O—C, C-H/N and other inter-
actions also play a key role.?

Importantly, the presence of elements of asymmetry in the
monomeric units that upon self-assembly afford SPs has con-
tributed to the development of this field generating chiral,
aggregated species. In many examples of chiral SPs, the chiral
monomeric species form helical structures in a controlled
fashion. To the best of our knowledge, and despite the rele-
vance of these aggregated species in different areas, the for-
mation of chiral SPs has been reviewed in very few articles.*®
We will outline herein the most relevant processes generally
used to yield chiral SPs: transfer of asymmetry; amplification of
asymmetry and symmetry breaking. We will highlight the main
achievements in the field that are related not only to the
structural requirements of the monomeric units to generate
these chiral supramolecular entities but also to unravel relevant
thermodynamic and kinetic insights useful to establish struc-
ture-function relationships. Furthermore, recent examples of
chiral SPs in research areas like light emitting chiral materials
or spin-filtering due to chirality-induced spin selectivity proper-
ties demonstrate the applicability of these supramolecular
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structures to develop stimuli-responsive circularly polarized
light (CPL) and spintronic materials.**

Chiral supramolecular polymers
Transfer of asymmetry under thermodynamic control

Hierarchical self-assembly can be defined as an organizational
process in which elementary building blocks are ordered into
more complex secondary structures via non-covalent interac-
tions. Therefore, the presence of asymmetry elements in mole-
cules endowed with suitable functional groups can efficiently
generate chiral SPs. The three sources of structural chirality,
point, axial or planar chirality, either independently or in
combination, can influence the formation of these chiral SPs
by the so-called transfer of asymmetry process: the asymmetry
outcome at the self-assembled level is influenced and/or deter-
mined, completely or partially, by the chirality of the corres-
ponding building blocks. Thus, in the non-covalent interaction
of two chiral molecules to form a supramolecular dimer, the
spatial restrictions imposed by the inherent three-dimensional
orientation of their constitutive parts can favour only one of
the possible stereochemical configurations. When more
molecules come together to form oligomers first, and then
SPs, the preferential orientation of the dimer is transferred to
the growing aggregate, thus resulting in the propagation of the
preferred stereochemical outcome.®® These space-dependent
interactions can also take place when non-identical molecules
overcome the sterical restrictions imposed in the supramole-
cular aggregate, as in the SaS and MR experiments that will be
discussed in the following sections.

As stated in the Introduction section, the stereogenic centres
in p-carbohydrates or r-amino acids are responsible for a vast
majority of the examples of transfer of asymmetry found in
natural supramolecular systems.” Inspired by these natural
supramolecular systems, synthetic chemists have used point
chirality as a convenient source of chirality in the monomeric
species to afford helical supramolecular structures.*® Among all
the building blocks available, peptides and their derivatives
emerge as excellent building blocks for the construction of
chiral SPs;*” although in these review only some of them will be
covered in which the asymmetry present in the final SPs is
extensively studied. These structures are often investigated by
circular dichroism (CD), a sensitive spectroscopic technique for
detecting helical assemblies since they show preferential
absorption of left or right-handed CPL.**

When molecules, oligomers, polymers, etc. self-assemble
into supramolecules with a preferred-handedness helical con-
formation, these assemblies are optically active, as a result of
the inherent asymmetry of the helix topology, even if the
constitutive units lack asymmetric carbons or other stereogenic
centres. However, in this case, an equal mixture of the two
possible helical configurations M and P is obtained, and it
makes no sense to talk about transfer of asymmetry. Apart from
symmetry breaking, which will be also discussed in this review,
for a real transfer of asymmetry to occur in helical SPs, it is

This journal is © The Royal Society of Chemistry 2023
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necessary to use chiral monomeric species or a chiral external
stimulus. The transfer of asymmetry from a chiral centre to a
helical aggregate is a common process in self-assembly, either
under thermodynamic or kinetic control, and depends on
various factors such as the distance between the chiral centre
and the assembly site, the strength of the non-covalent forces,
the competition between chiral and achiral interactions or even
the chiral nature of the solvent. Another factor that greatly
determines the possibility of transfer of asymmetry is the type
of supramolecular polymerization mechanism governing the
self-assembly process. Most examples described in the litera-
ture occur in cooperative SPs, in which, very often, the partici-
pation of two or more different types of directional non-
covalent forces determines the stability of the final helical
polymer. In fact, for a long time it was considered that those
SPs formed from chiral monomeric units following an isodes-
mic supramolecular polymerization mechanism were not able
to experience transfer of asymmetry. Furthermore, most of the
examples of transfer of asymmetry in SPs were investigated for
thermodynamically controlled processes, i.e. one monomeric
species generates a single helical aggregated species.

The paradigm of the formation of helical SP under thermo-
dynamic control is probably the self-assembly of benzene-1,3,5-
tricarboxamides (BTAs, compounds 1 and 2 in Fig. 2(a)). These
C;-symmetric self-assembling units can form helical SPs by the
intermolecular H-bonding of the three amide groups, rotated
40° out of the plane, and the n-stacking of the aromatic cores,
separated by 3.5 A, following a highly cooperative supramole-
cular polymerization mechanism (Fig. 2(b) and (c)).** The
rotation of the adjacent monomeric units within the columnar
stack is ~60°. The presence of stereocenters in the aliphatic
side chains dictates the preferential P or M helicity of the
resulting supramolecular aggregate, which is confirmed by
the appearance of a strong Cotton effect in the CD spectrum
(Fig. 2(d)).*° For a typical BTA substituted with chiral alkyl

a) ouh, c) d)
RN o]
° HNR
1R=YTTNTNN -
(5)-1:R=‘/\/r5%/\/k = \
R | g
1R =X E
p) @ 3

C-centred %
~__ (72 merr s o
o=—4087 1951 97; foer

S

- . -
~73kJ mol”

Fig. 2 (a) Chemical structure of BTAs 1. (b) Optimized structure of a
tetramer of the BTA showing the rotation angle of the amide functional
groups and the distance between the aromatic cores in the ensemble
(reproduced from ref. 39b with permission from the American Chemical
Society, copyright 2017). (c) Right-handed helical structure proposed for
the stacking of the BTAs, based on the X-ray structure reported by
Lightfoot* (reproduced from ref. 73 with permission from the American
Chemical Society, copyright 1986). (d) CD spectra of (S)-1 (heptane, ct =
14 puM). The inset represents the molar ellipticity at 1 = 223 nm as a
function of temperature for the same solution (reproduced from ref. 44
with permission from Wiley-VCH, copyright 2022).
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chains, such as (§)-1 and (R)-1 (Fig. 2(a)), the formation of
the SP takes place in nonpolar solvents, usually methylcyclo-
hexane (MCH), to yield helical aggregates with opposite heli-
city, as a direct consequence of the transfer of asymmetry from
the peripheral chiral centres to the supramolecular level
(Fig. 2(d)).*>**

Despite the structural simplicity of BTAs, the diversity of the
different peripheral substituents utilized has allowed the pre-
paration and investigation of a myriad of these derivatives. The
extensive studies carried out by Prof. Meijer’s research group
with BTAs since the 90s have provided an increased under-
standing about the supramolecular behaviour of these struc-
tures and the subtle effects exerted by the interaction with
solvents,** traces of water*® or impurities** which can provoke
the appearance of complex polymerization pathways;*® the
development of different synthetic approaches”® or determine
their potential applications.*” All the progress on BTAs has
paved the way for a better understanding of many practical and
theoretical aspects related to supramolecular polymerization,
which have been further extended to other supramolecular
motifs.

Our research group has investigated the self-assembling
features of Cjz-symmetric tricarboxamides closely related to
BTAs. One of these C;-symmetric tricarboxamides are 1,3,5-
triphenylbenzenetricarboxamides (TPBAs, compounds 2 in
Fig. 3(a)).*® Similarly to BTAs, the self-assembly of these deri-
vatives proceeds through the formation of a triple array of H-
bonds between the amide groups and =m-stacking of the aro-
matic cores and generally follows a cooperative mechanism. In
this case, and to maximize the H-bonding of the amide func-
tional groups and the m-stacking interactions between the
adjacent aromatic moieties, BTAs are rotated out of plane ca.
31° yielding enantioenriched helical stacks when the asymme-
try of the chiral chains is transferred to the aggregate. In helical
aggregates formed by TPBAs, the rotation of the adjacent
monomeric units is 26° (Fig. 3(c)). Indeed, CD spectra evi-
denced the formation of right-handed helices from (S)-2 and
left-handed helices from (R)-2 (Fig. 3(e)). Surprisingly, the non-
aggregated monomers also showed mirror-like CD spectra,
what are explained in terms of a restricted rotation of the
benzamide groups that afforded a propeller-like configuration
and the generation of M- and P-type atropisomers (Fig. 3(b)).
This atropisomerism is cancelled upon the formation of the
helical, columnar SPs since the supramolecular polymerization
of compound 2 imposes the planarization of the triphenylben-
zene moiety (Fig. 3(c)).

Interestingly, the branched chiral nature of the peripheral
chain prompted not only the transfer of asymmetry from the
molecular to the supramolecular level but also determines
higher levels of organization. Thus, whereas the linear chains
of the achiral TPBA 2 allowed the columnar stacks to efficiently
interdigitate to form bundles of fibres (Fig. 3(e)), ramification
of the chains in compounds (S)-2 and (R)-2 prevents such helix-
to-helix interdigitation and no tertiary level of organization was
attained, evidencing how subtle variations alters the supramo-
lecular polymerization.*®

Chem. Soc. Rev,, 2023, 52, 7524-7548 | 7527
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(a) Chemical structure of TPBAs 2. (b) Optimized propeller-shaped structure of the monomeric units of 2. (c) Optimized structure of a P-type

helical, columnar decamer formed from TPBAs 2. (d) Illustration of a bundle of two helices of achiral 2 formed by the interdigitation of the achiral side
chains (reproduced from ref. 48 with permission from Wiley-VCH, copyright 2018). (e) Experimental CD spectra of chiral (S)-2 and (R)-2 (MCH/
dichloroethane 95:5, 10 uM, 298 K) (reproduced from ref. 48 with permission from Wiley-VCH, copyright 2018). (f) Chemical structure of OPETAs 3. (g)
Optimized structure of the planar monomeric OPETAs. (h) Optimized structure of a P-type helical decamer formed from OPETAs 3. (i) Experimental CD
spectra of (5)-3 and (R)-3 in MCH at different temperatures. The inset shows the non-sigmoidal variation of the degree of aggregation («) versus the
temperature, which demonstrates the cooperative character of the supramolecular polymerization of OPETAs 3 with the corresponding fitting

(reproduced from ref. 49a with permission from Wiley-VCH, copyright 2011).

To further investigate the effect of increasing the aromatic
core size on the self-assembly of discotic chiral tricarboxa-
mides, oligo(phenylene-ethynylene)tricarboxamides (OPETAs)
3 have also been synthesized (Fig. 3(f)).* OPETAs exhibit a
larger, planar conjugated central core compared to BTAs 1 or
TPBAs 2 and also lack the atropisomerism found in the latter
(Fig. 3(g)). As is common in discotic Cs;-symmetry tricarboxa-
mides, supramolecular polymerization in OPETAs takes place
in a cooperative fashion by the formation of a triple array of H-
bonds between the amide functional groups concomitant to the
n-stacking of the aromatic moieties. In these Cj;-symmetric
scaffolds, the rotation angle of the amides, to maximize the
H-bonding interactions between them and the n-stacking of the
aromatic cores, is 34.9°. Furthermore, the adjacent monomers
in the columnar stack are rotated 18° (Fig. 3(h)). Similarly to
chiral TPBAs 2, the (S) peripheral chiral chains in (S)-3 yielded
enantioenriched P-type helices and the (R) configuration of the

7528 | Chem. Soc. Rev,, 2023, 52, 7524-7548

chiral centres in the peripheral chains affords helical structures
with an M-type handedness in (R)-3 (Fig. 3(i)). Our research
group also synthesized a series of TPBAs and OPETAs in which
a variable number of chiral side chains are attached to the
central aromatic core. In all cases, the presence of only one
stereogenic centre per monomeric unit is sufficient to bias the
right- or left-handedness of the resulting helical aggregated
species.>®

A vast number of chiral SPs are obtained by the efficient
transfer of asymmetry from peripheral stereogenic centres
(point chirality) to the central aromatic backbones. However,
axial chirality, and more specifically, atropisomers in which a
contorted aromatic backbone is responsible for the source of
asymmetry have also been utilized as self-assembling units to
construct chiral SPs. In 2012, Wiirther and co-workers reported
on the formation of J-type helical aggregates formed by the
head-to-tail supramolecular interaction of a contorted

This journal is © The Royal Society of Chemistry 2023
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perylenediimide (PDI) in its enantioenriched form. The coop-
erative supramolecular polymerization of this contorted enan-
tioenriched PDI-based atropisomer yielded rope-like fibrillar
structures whose helicity was visualized by atomic force micro-
scopy (AFM).*!

However, an intriguing question arose from this study: in
the formation of a chiral SP, which element of asymmetry
would predominate, point or axial chirality? To shed light in
this challenging issue, we prepared a series of bis(N-annulated
perylenecarboxamides) endowed with achiral and chiral side
chains (compounds 4 in Fig. 4(a)).

The restricted rotation of the perylenecarboxamide moieties
around the single bond that separate both aromatic units
generates atropisomers that can be separated by chiral HPLC.
The enantioenriched samples of compounds 4 in solution of
CH,Cl,, a good solvent that favours their disassembly, yields
the atropisomers in the molecularly dissolved state (Fig. 4(b)).
The addition of MCH, a bad solvent that induces their coop-
erative supramolecular polymerization, results in noticeable
changes in the CD spectra in comparison to those registered
in CH,Cl, (Fig. 4(c)). However, the CD spectra of any of the
atropisomers, regardless of the lack or the presence of point
chirality in the peripheral side chains, displayed the same
dichroic pattern which demonstrates that axial chirality pre-
dominates over point chirality in the formation of these chiral
SPs.>?

These selected examples illustrate the efficient transfer of
the point chirality embedded in the peripheral side chains of
the monomeric units to the supramolecular level in cooperative
supramolecular polymerizations. However, only few examples
of transfer of asymmetry in SPs governed by isodesmic supra-
molecular polymerization mechanisms have been reported to
date. Isodesmic supramolecular polymerizations, usually
detected in scaffolds that are not able to form highly directional
non-covalent forces, produce a polydisperse mixture of oligo-
mers of different lengths in which no helical preference is
achieved or, at least, detected. However, there are a selected
number of examples of helical aggregates formed following an
isodesmic mechanism. To the best of our knowledge, the first
example of a chiral SP formed through an isodesmic mecha-
nism was reported by Meijer and co-workers for the BTAs
endowed with three bipyridine moieties 5. In these BTAs, the
formation of a twofold H-bonding array between the amide of
the BTA with one of the pyridine rings and the amide of the
peripheral benzamide fragments with the other pyridine
ring of the bipyridine unit. These intramolecular H-bonding
interactions planarize the whole monomeric unit and prevent
the formation of intermolecular H-bonding interactions
(Fig. 5(a)).”® Closely related to this example are the BTAs
endowed with a fluorinated r-phenylalanine and an amino-
benzoate spacer connected to peripheral hydrophilic M(um)
complexes reported by Meijer and co-workers (compounds 6
in Fig. 4(a)),>* and the BTAs decorated with three naphthale-
nediimides reported by George and co-workers (compounds 7
in Fig. 5(a)).” In these three examples, the bulkiness of the
peripheral side chains of the BTA core and the intramolecular

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Chemical structures of bis(N-annulated) perylenecarboxamides

4. CD spectra of all stereoisomers of 4 (b) and (S)-4 (c) in a molecularly
dissolved state (black and red lines; CH,Cl,, ct = 10 uM, 298 K) and in the
aggregated state (green and orange lines); 95/5 cyclohexane/CH,Cl,, ct =
10 um, 298 K (reproduced from ref. 52 with permission from the American
Chemical Society, copyright 2015).

H-bonding interactions could be responsible for the isodesmic
character of the supramolecular polymerization mechanism
but, at the same time, the large size of the oligomers formed
from these monomeric units could justify the appearance of the
transfer of asymmetry.

Very recently, our research group has reported the efficient
transfer of asymmetry in the N-annulated perylenediimide
(NPDI) 8 decorated with lateral trialkoxyphenyl groups that
form chiral SPs by following an isodesmic supramolecular
polymerization mechanism (Fig. 5(b)). In this case, no H-
bonding interactions are possible. However, theoretical calcu-
lations performed on this NPDI revealed that the more stable
aggregated species are formed by the n-stacking of the aromatic
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(a) Chemical structure of the BTAs 5-7 that form chiral SPs following an isodesmic mechanism. (b) Chemical structure of chiral NPDlIs 8. (c)

Minimum-energy structures of a pentamer of 8 displaying the distances and the rotation angle between the monomeric units (reproduced from ref. 56
with permission from the American Chemical Society, copyright 2021). (d) CD spectra of chiral NPDIs 8 in MCH (reproduced from ref. 56 with permission

from the American Chemical Society, copyright 2021).

backbones separated by distances of 3.20 A. In addition, the
attractive m-stacking of the lateral trialkoxyphenyl groups
results in the formation of columnar stacks in which the
monomeric units are rotated 35.8° (Fig. 5(c)). In fact, the
experimental CD spectra of NPDIs 8 display an intense bisig-
nated Cotton effect diagnostic of the formation of helical
aggregated species (Fig. 5(d)).>®

Transfer of asymmetry under kinetic control

Contrarily to the SPs formed under thermodynamic control,
kinetically controlled supramolecular polymerization can pro-
vide more complex situations in which on-pathway and off-
pathway intermediate aggregated species are formed in a
competitive or consecutive way.”” This is generally a conse-
quence of the formation of metastable species that retard the
supramolecular polymerization process as they remain kineti-
cally trapped on their evolution to a thermodynamically stable
equilibrium." Therefore, in later years, some supramolecular
systems have been described that show complex energy land-
scapes until they reach thermodynamic equilibrium. In this
section, we will focus mainly on systems showing complex
supramolecular polymerization that finally afford chiral SPs.
On the other hand, some examples of differentiation, i.e. the
process in which a single monomeric species forms two or
more aggregated species and, at least one of them is a meta-
stable one not accessible through a spontaneous thermody-
namic process, will also be presented.

For many years, the development of novel m-conjugated
materials has been an area of active interest, as they offer many
technological advantages over their inorganic counterparts.
However, some issues related to the morphological aspects of
the active layers must still be addressed before their realistic
applicability. In this regard, supramolecular chemistry can play
an important role considering the possibility to construct well-
ordered supramolecular structures that can become part of the
electroactive layer in devices.*® The group of Prof. Meijer was
pioneering in the study of complex supramolecular polymer-
izations of m-conjugated systems and described, for the first
time, a differentiation process in a chiral oligo-p-phenylene
(OPV) substituted with branched chiral chains able to form
helical aggregates. The polymerization process of the (S)-OPV 9

7530 | Chem. Soc. Rev,, 2023, 52, 7524-7548

(Fig. 6) was promoted by the formation of H-bonded dimers
between the ureidotriazine blocks, that later elongated by
aromatic stacking to yield M-type helical SPs under thermo-
dynamic control. However, when a solution of 9 was quickly
cooled in an ice bath, a mixture of M- and P-type aggregates was
obtained, and conversion of the P into the M-aggregate at room
temperature was also observed after some time. This observa-
tion evidenced the coexistence of two polymerization pathways
leading to different aggregates from the same monomeric
species. On the one hand, the on-pathway route, leading to
M-type thermodynamically stable helical aggregates and, on the
other, the off-pathway that yielded kinetically trapped, meta-
stable, P-type helical aggregates (Fig. 6(c)). Interestingly, when
the P-type aggregates were reacted with dibenzoyl p-tartaric acid
(DTA), their time-dependent evolution was prevented, remain-
ing stable. However, when DTA was removed by extraction with
an aqueous solution of ethylenediamine the conversion of the
kinetically trapped P-type aggregates into the thermodynami-
cally stable M-OPV was again favoured, evidencing the possibi-
lity to control these types of complex supramolecular
polymerizations through the presence of additives.>® This
seminal example, in which the temperature quenching was
the strategy utilized to achieve the differentiation, was, at the
same time, the starting point for the development of kinetically
controlled SPs. Further investigation of kinetically controlled
SPs was elegantly complemented by the development of living
supramolecular polymerization (LSP) and seeded supramolecular
polymerization (SSP).>” The first example of a living supramole-
cular polymerization was accomplished by Sugiyasu, Takeuchi
and co-workers by utilizing porphyrins 10 that, initially, form J-
type aggregated species as nanoparticles that evolve with time
to the thermodynamically controlled fibrillar H-type aggregates
(Fig. 6(d)). This kinetic evolution can be accelerated by the
addition of seeds of the thermodynamically H-type aggregated
species, achieved by the sonication of a solution of these H-type
fibrillar structures, and repeated for several cycles yielding low
polydisperse SPs.®® An outstanding achievement in this field
was the LSP of corannulenes 11-13 reported by Aida and co-
workers in 2015 (Fig. 6(e)). In these corannulenes, the for-
mation of a pentafold intramolecular H-bonding interaction
between the amide functional groups of compounds 11a-13a

This journal is © The Royal Society of Chemistry 2023
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(a) Chemical structure of (S)-OPV 9. (b) CD spectra of (S)-OPV 9 in MCH solution: disassembled state (343 K, black line), thermodynamically stable

M-OPV (273 K, blue line) and a mixture of M-OPV and metastable P-OPV (273K, red line); (reproduced from ref. 33c with permission from Wiley-VCH,
copyright 2019). (c) Schematic representation of the aggregation pathways of (S)-OPV 9, including the growth of two competing assemblies (reproduced
from ref. 33c with permission from Wiley-VCH, copyright 2019). Chemical structures of porphyrins 10 (d) and corannulene derivatives 11-13 (e) that have

been reported to experience LSP.

completely cancels the ability of these monomeric units to self-
assemble. On the other hand, the N-methylated species 11b-
13b are not able to form either intra- or intermolecular H-
bonding interactions between the amide groups. However,
these methylated species can act as initiators in the supramo-
lecular polymerization of the non-methylated corannulenes.
Thus, the addition of minute amounts of these methylated
species 11b-13b in a solution of non-methylated 11a-13a
provokes the rapid growth of SPs, a process that can be
repeated by the addition of subsequent aliquots of the non-
methylated species in a living manner.®’ This seminal work
brought to light the relevance to produce metastable mono-
meric units as dormant species able to experience kinetically
controlled supramolecular polymerizations.>”-°>

A very useful strategy to generate metastable monomeric
species that retard supramolecular polymerization was
reported by Wiirthner and co-workers on achiral PDIs. In these
PDIs the two peripheral ethylen-3,4,5-trialkoxybenzamide moi-
eties were able to form two seven-membered pseudocycles by
the intramolecular H-bonding interaction of the NH of the
benzamide and one of the carbonyls of the central imides.
These pseudocycles, acting as monomeric metastable species
that evolve with time, retard the supramolecular polymeriza-
tion of the PDIs that finally yield the corresponding H-type
SPs.®® Interestingly, Wiirthner and coworkers also reported on
the seeded polymerization kinetics of this PBI, that were
derived in values of 6 x 107* s~ "% Taking advantage of the
formation of such intramolecularly H-bonded pseudocycles, a
variety of kinetically controlled supramolecular polymeriza-
tions have been reported to date.®* Nevertheless, only a reduced
number of them deals with the formation of kinetically con-
trolled chiral SPs. One of the first examples of the relevance of
these metastable monomers to trigger pathway complexity in

This journal is © The Royal Society of Chemistry 2023

chiral SPs was reported for the solvent-dependent supramole-
cular polymerization of carbonyl-bridged triarylamines (CBTs)
14 (Fig. 7(a)).%

The strong tendency of these compounds to self-assemble in
MCH yielded J-type helical aggregates with the CBT disks
slipped with staggered orientations. However, when these
systems were investigated in toluene solution, the large hyster-
esis observed between the disassembly and self-assembly pro-
cesses evidenced a complex mechanism. Indeed, if carbon
tetrachloride was the solvent of choice, the formation of H-
type, face-to-face, kinetically trapped aggregates could be
detected. These species originated from the operation of a
triple array of H-bonding interactions between the amide
groups and the n-stacking between the CBT cores, and even-
tually evolved into a J-type helical aggregate. Whereas in AFM
the metastable H-type aggregates appeared as disk-like
micelles, the thermodynamically stable J-type aggregates
appeared as rope-like fibrils. The increasing rate of conversion
of the kinetically trapped aggregate into the thermodynamic
one with temperature, and the sigmoidal profile obtained for
this conversion, are characteristic of an autocatalytic process in
which the thermodynamically stable species accelerates the
transformation of the kinetic aggregate. This observation is in
agreement with the operation of a complex parallel pathway
mechanism. SSP were carried out by adding seeds of the
thermodynamically stable J-type aggregate, prepared by sonica-
tion, to the kinetically trapped H-type aggregate, which acted as
a monomer reservoir, increasing the rate of transformation. On
the other hand, LSP experiments were also carried out. In these
experiments, the thermodynamically controlled J-aggregates
acted as the active seeds to trigger supramolecular polymeriza-
tion upon the addition of successive aliquots of the kinetically
controlled H-type aggregates. A reduction of the evolution time

Chem. Soc. Rev., 2023, 52, 7524-7548 | 7531
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(a) Chemical structure of the investigated CBTs 14. Energy landscapes of the supramolecular polymerization coupled with a competing kinetic

trap in (b) an MCH/Tol (1/2) mixture and (c) CCly. In MCH/Tol (1/2), the complexity pathway could not be detected most probably because the kinetic trap
is too shallow in energy and only the on-pathway J-type supramolecular polymerization is spectroscopically detected (Pathway B). In pure CCly, the
energy level of the kinetic trap is lower, and it is possible to detect both the off-pathway H-type aggregates (Pathway A) and the on-pathway J-type
aggregates (Pathway B). In both solvents, the addition of J-type seeds accelerates the conversion (reproduced from ref. 65 with permission from Wiley-

VCH, copyright 2017).

of the supramolecular polymerization was observed in all the
cases. Additionally, it is important to note the retardation of all
the kinetically mediated transformations in the presence of the
chiral chains, in comparison with the analogue achiral deriva-
tives, due to the steric demands imposed by the branched side
chains. This constitutes another example of how subtle
chemical modifications can enormously influence the pathway
complexity (Fig. 7(b) and (c)).

Another example of m-conjugated systems in which a
complex supramolecular polymerization was observed are the
p-phenylene-cyanovinylene luminogens 15 and 16 (Fig. 8).°°

These compounds were capable of forming helical H-type
aggregates by the aromatic stacking between the self-
assembling conjugated oligomeric units and by the formation
of a four-fold array of H-bonding interactions. The handedness
of these helical aggregates was determined by the chirality of
the peripheral chains due to an efficient transfer of asymmetry
from the peripheral chains to the aggregate level. FT-IR

7532 | Chem. Soc. Rev,, 2023, 52, 7524-7548

spectroscopy revealed the formation of intramolecularly H-
bonded pseudocycles. These metastable species determine
the final chiroptical outcome of the corresponding chiral SPs.
Thus, for both compounds 15 and 16, two different H-type
helical aggregates, namely Aggl and Aggll, were differentiated.
The former evolved into Aggll after time, indicating that it is a
kinetically trapped species; whereas Aggll was the thermody-
namically most stable state. AFM images showed that, while
Aggl, s was constituted by isolated fibrillary structures, Aggll, s
appeared as thicker fibres formed by the bundling experienced
by the Aggl,s fibres into superhelices (Fig. 8(a)-(c)). On the
other hand, Aggl,¢ consisted of nanoparticles that evolved over
time into the fibrillar aggregates that could be observed with
time for Aggll,¢ (Fig. 8(d)—(f)).

Investigation of the fluorescent and CPL emission properties
of the chiral congeners of 15, (R)-15 and (S)-15, revealed
aggregation-induced enhanced emission and CPL activity for
both aggregates, Aggl;s and Aggll;s, of each enantiomer and

This journal is © The Royal Society of Chemistry 2023
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(reproduced from ref. 66 with permission from the Royal Society of Chemistry, copyright 2022).

showed opposite signs depending on the aggregation state (and
also, depending on the (R) or (S) nature of the chiral chain).
This inversion was explained by considering that the CPL signal
of the kinetically controlled Aggl,; followed the helicity dictated
by the stereogenic centres, whereas the intertwining responsi-
ble for the formation of the AgglIl;s was responsible for the
inversion of the CPL signal in this state. A similar investigation
for 16 disclosed an aggregation induced enhancement of
emission with CPL activity for Aggl;s. However, the type of
aggregation in Aggll,¢ causes a strong quenching of the emis-
sive properties, responsible for a lack of CPL activity. In any
case, the evolution of the kinetically trapped Aggl species into
AggIl depends on the evolution of the intramolecular H-bonds
in the pseudocyclic metastable kinetically trapped species into
the more stable intermolecular four-fold H-bonding array in the
thermodynamically stable AgglIl.®®

Besides helical aggregates, that have been extensively
revised in this section, other supramolecular structures can
benefit from the transfer of asymmetry from chiral monomers,
for instance nanotubes. Thus, compound (S)-17 (Fig. 9) was
capable of self-assembling into nanotoroids that further
stacked into nanotubes, through H-bonding between the amide
groups and m-stacking of two azobenzene units, producing a
spontaneous curvature responsible for this initial aggregation
into toroidal structures.®” CD experiments evidenced the for-
mation of chiral nanotubes from chiral 17 and an enhancement
of the dichroic signal as the temperature decreased.®® The
replacement of the peripheral alkyl chains in 17 by the more

This journal is © The Royal Society of Chemistry 2023
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from Wiley-VCH, copyright 2022).

sterically demanding trialkoxybenzene units, together with the
introduction of a benzamidoethyl trialkoxy-benzamide spacer
in 18 had a deep impact not only on the supramolecular
aggregation mechanism but also in the hierarchy of the self-
assembly.®
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As in the case of 17, compound 18 aggregated into toroids
that, in contrast, formed a highly ordered 2D network instead
of the tubular structures due to the steric demands imposed by
the trialkoxybenzylbenzamide units. Besides, the two-step pro-
cess observed when the degree of aggregation was plotted vs.
temperature evidenced a pre-nucleation phase that was con-
trolled by a conformational change in the monomer. The
hysteresis between the cooling and heating cycles was in this
case attributed to the formation of an inactive kinetically
trapped species, involving an open conformation with intramo-
lecularly H-bonded pseudocycles that later evolved into a folded
conformation with inter- and intramolecular H-bonds (Fig. 9).
The photoresponsive behaviour, arising from the trans-cis
isomerization of the azobenzene units and the ratio between
the three possible trans,trans; cis,cis and trans,cis isomers were
investigated. Photoisomerization of the azobenzene units is a
suitable input to reversibly modulate the formation of the
nanotoroids, which is interesting for the preparation of photo-
responsive porous nanosheets.

It is worth mentioning that, in literature, there are also
relevant examples of kinetically controlled supramolecular
polymerizations in which no metastable pseudocycles are
involved but pathway complexity is experimentally observed.
Interestingly, some of these reports rely on the supramolecular
polymerization of chiral CBTs in which the formation of the
intramolecularly H-bonded pseudocycles by the peripheral side
chains is not feasible.”® These examples open new avenues to
be explored in the field.

To summarize this section, systematic investigations of the
effect of structural variations on the supramolecular polymer-
ization, even if becoming more common, are still somewhat
scarce, thus greatly limiting the knowledge about clear struc-
ture-property relationships. However, from the remarkable
studies of supramolecular aggregates highlighted in this
section, showing asymmetry that has been transferred from
different elements of chirality and non-classical polymerization
pathways, one clear conclusion can be extracted: even very
subtle structural modifications on the same motif can trigger
differential polymerization pathways with different degrees
of complexity to afford materials with a variety of morpho-
logies and, consequently, different properties and potential
applications.

Amplification of asymmetry: moving forward with controlled
supramolecular copolymers

The previous section collected some representative examples of
transfer of asymmetry from chiral monomeric units to the
supramolecular level. However, both natural events and man-
made processes require multicomponent assembly to achieve
complexity and functionality. In the area of SPs and, of course,
to achieve chiral SPs, the utilization of such multicomponent
systems is a useful strategy. Thus, the term supramolecular
copolymer or co-assembly is gaining more and more
attention.”" The above-mentioned SaS and MR experiments
are clear examples of supramolecular copolymerization in
which two closely related, but sufficiently different, monomeric
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species are mixed to achieve a homochiral co-assembled
system.

How homochirality appeared in biomolecules has fascinated
researchers for decades and it will continue to because it can
lead to a complete understanding of the origin of life as
mentioned before.> When referring to catalysis, asymmetric
amplification is a phenomenon in which the ee of a product is
higher than that of a chiral auxiliary for a catalyst,”” and was
first noted by Kagan et al. in 1986 in the Sharpless epoxidation
of geraniol.”® Discovery of asymmetric autocatalysis in the
alkylation of pyrimidine-5-carbaldehyde with diisopropylzinc
is considered to be a chiral amplification process.” In polymers,
asymmetric amplification is a process in which the ee of the
polymer formed is higher than the ee of the monomer counter-
parts. It was observed first in covalent polymers, especially for
polyisocyanates. In these pioneering investigations, Green and
co-workers discovered that only small amounts of the chiral
monomer were able to bias the helicity of the polymer.'*
Pioneering and exhaustive work by Palmans and Meijer in the
1990s demonstrated that this phenomenon could also take
place in SPs.*** As in the case of covalent polymers, the
experiments to investigate amplification of asymmetry in SPs
are called SaS and MR."”%'® In a SaS experiment, increasing
amounts of a chiral monomer are mixed with an achiral one
and, if amplification of asymmetry takes place, a few of the
chiral monomers, the “sergeants”, will command the helicity of
a large number of the achiral monomers, the ‘“soldiers”. In a
MR experiment, monomers with an opposite element of asym-
metry at different ratios are mixed and, if amplification of
asymmetry takes place, the most abundant monomer imposes
its preferred helicity to the others. In both experiments, a non-
linear increase in the ee is distinctive of the existence of chiral
amplification phenomena. This ee is monitored mainly
through CD spectroscopy. A modified and less utilized version
of these experiments is the so-called diluted majority-rules
(DMR) experiment, in which an ee is introduced in the sergeant
fraction of a SaS experiment.”*

In any case, to attain chiral amplification in SPs, co-
assembly between the different monomers involved, is needed.
This is favoured when the different monomers involved in the
polymerization process present geometrical complementarity
but also, are energetically favoured to give rise to a chiral
enriched SP. If the monomers are not energetically favoured
to co-assemble, both monomers will give rise to independent
SPs, and self-sorted homopolymers will be obtained. In this
situation, the ee of the mixture will be the algebraic sum of the ee
of both self-sorted SPs and therefore, chiral amplification will not
take place. On the other hand, if both monomers co-assemble, a
supramolecular copolymer will be formed and depending on the
degree of mixing, the distribution of each of the monomers along
the polymer chain will be different ranging from block, blocky,
periodic, statistic or alternating and due to the interaction of both
monomers within the polymer chain, and amplification of asym-
metry will be plausible (Fig. 10).”*

To explain the amplification of asymmetry phenomena, van
Gestel et al. described a model where two different energy

This journal is © The Royal Society of Chemistry 2023
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penalties were considered: the helix reversal penalty (HRP) and
the mismatch penalty (MMP).”> The HRP is the energy paid
when there is a helix reversal within the stack of the SP. The
MMP is the energy paid when a chiral monomer is introduced
in a stack of its unpreferred helicity.”*”® Depending on the
relative values of these energy penalties, the supramolecular
copolymer formed will prefer to incorporate a wrong chiral
monomer into the unpreferred helicity stack (HRP > MMP), or
the copolymer formed will have different sections of opposite
helicity within the same stack (HRP ~ MMP). In the former,
amplification of the asymmetry process will be strengthened
whereas in the latter, the different helicity sections within the
stack will decrease the ee. Another parameter used in the
amplification of asymmetry experiments is the net helicity,
which is defined as the difference between the fractions of
right- and left-handed chiral monomers.” Despite the utility
provided by this model to achieve accurate thermodynamic
data, it has not been used systematically for other systems than
BTAs and OPETAs showing amplification of asymmetry. This
lack of data impedes direct comparison of chiral amplification
phenomena in different SPs.

The first report of a SP showing amplification of asymmetry
was reported by Meijer in 1997 in which disc-shaped bipyridine
compounds self-assembled through an isodesmic mechanism
in alkane solution (BTAs 5 in Fig. 5).>**° As stated before, these
discotics aimed to be planar by the formation of intramolecular
H-bonds between the N atoms of the bipyridines and the amide
functional groups to show liquid crystallinity, which indeed
they showed.”® The formation of intramolecular H-bonds
prevents the formation of intermolecular directional H-bonds
favouring an isodesmic supramolecular polymerization. More-
over, curiosity regarding the ability to yield chiral amplification
led to the discovery that upon adding (S)-5 to 5 solutions
through a SaS experiment, small amounts of the chiral sergeant
(8)-5 (~10%) were enough to achieve the maximum dichroic
signal (Fig. 11(a)).>** The MR experiment upon mixing (§)-5 and
(R)-5 showed a pronounced non-linear response (Fig. 11(b)).”®
The MMP (0.94 k] mol ") calculated for this experiment is
much lower than the HRP (7.8 k] mol '), therefore, the energy
gained by the formation of the stack is much higher than the
energy lost by the mismatch of the “wrong” enantiomer
incorporated into the unpreferred helical stack at low ratios.

The introduction of hydrophilic chains of oligoethylenegly-
col (compounds 5-amp and 5-amp* in Fig. 5) resulted in
successful amplification of the asymmetry between intrinsic

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 (a) SaS experiment by mixing solutions of (S)-5 and 5 in hexane. (b)
Net helicity as a function of ee measured by CD spectroscopy in n-octane
in a MR experiment between (S)-5 and (R)-5 (20 °C, ¢t = 79 uM)
(reproduced from ref. 33a with permission from Wiley-VCH, copyright
2007).

chiral 5-amp and achiral 5-amp* in a polar solvent such as
n-butanol.”® But the behaviour of this system is quite different
from 1a-c with aliphatic chains, in hexane. Here, the kinetics is
much slower, playing an essential role in the aggregation and
amplification of asymmetry phenomenon. Moreover, this sys-
tem is able to self-assemble in water and the SaS experiment
evidences amplification of asymmetry, showing a maximum
when 25-30% of 5-amp is mixed with 5-amp*.”*%°

In 2000, Meijer and co-workers described the supramolecu-
lar polymerization of N,N’,N"-alkyl substituted BTAs 1 in hep-
tane (Fig. 2).%" Their self-assembling features were studied by IR
and CD spectroscopy and confirmed the formation of SPs in
which the monomers are joined together by intermolecular H-
bonds, which results in helices with a preferred handedness for
the chiral congener (S)-1. SaS experiments in heptane demon-
strated that only 2.5% of sergeant (S)-1 was enough to acquire
the same helicity as the stacks composed only by sergeants.

Replacing the amide functional groups of BTAs 1 with urea
functionalities (compounds 19 in Fig. 12(a)) resulted in a
decrease of the amplification of the asymmetry ability of the
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between chiral (S)-1 and achiral 19 (ct = 50 puM in heptane). (c) Schematic
representation of the aggregates formed during the mixing of 15% of (S)-1
and 85% of 19 (reproduced from ref. 82 with permission from the
American Chemical Society, copyright 2022).

system in comparison with previously reported bipyridine-
based discs 1 and 5 and large hysteresis effects.®* Additionally,
co-assembly between chiral units was observed in a SaS experi-
ment at low loadings of chiral (S)-1 and achiral 19 (Fig. 12(b)).
However, mixing 15% of chiral amide (S)-1 with 85% of achiral
19 firstly resulted in the formation of a supramolecular copo-
lymer that upon 1 hour evolved into the self-sorting homopo-
lymers (Fig. 12(c)). This experiment is representative of the
necessity of an efficient co-assembly between the monomers for
yielding successful amplification of asymmetry.

The influence of temperature in the amplification of asym-
metry was studied for the first time in 2010 by Smulders et al.
on BTAs 1.”7 They hypothesized that the amplification of
asymmetry should be affected by temperature, since the degree
of aggregation and the average stack length are also affected.
They found that the HRP was little affected by temperature. But
in contrast, the MMP decreased when the temperature was
increased. This inverse dependence of the MMP with tempera-
ture produces opposite effects in the amount of chiral ampli-
fication in the SaS and the MR experiments: while the degree of
chiral amplification is decreased with temperature in the Sas, it
is increased in the MR (Fig. 13(a) and (b)). In a different report
by Smulders et al., they investigated the systematic variation on
the number and position of the stereogenic centres present on
the chemical structure of BTAs (Fig. 13(c)).”® In these studies,
they observed high and constant HRP values for all the BTAs
studied (~10-15 k] mol™"), which is explained by the fact that
the same number of intermolecular H-bonds are present in all
studied BTAs derivatives. On the other hand, they observed that
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the ee necessary to reach the maximum CD signal in the MR
experiments was minimum when only one stereogenic centre
was present at the BTA (Fig. 13(d)). This observation was
explained by the increase in the MMP upon increasing the
number of stereogenic centres. The increase in the MMP was
also supported by the so-called mixed MR experiments in which
two monomers with opposite chirality and different numbers of
stereogenic centres were mixed. Another important conclusion
was extracted varying the position of the stereogenic centre
with respect to the amide group: it was found that the helical
sense was inverted within the same type of stereogenic centre
depending on the relative position within the amido group in
what is known as the “odd-even effect”’. Moreover, in this work,
simulation curves given a certain HRP, revealed that there is an
optimum to which the MMP can be reduced while also enhan-
cing the degree of amplification of asymmetry.

Another Cz-symmetric family of compounds where amplifi-
cation of asymmetry has been widely studied is OPETAs 3. This
system consists of a Cs;-symmetric extended aromatic central
disc in comparison to BTAs surrounded by 3 amido groups. In
2011, our group described the SaS experiments in achiral
OPETA 3 upon additions of chiral sergeant in MCH solution
finding a complete chiral amplification upon the addition of
20% of the sergeant (Fig. 14 bottom).**® In order to study the
influence on the number of stereogenic centres in chiral
amplification, OPETAs, with a variable number of stereogenic
centres, 25 and 26 were synthesized (Fig. 14).*°°°°’ HRPs
calculated from the SaS experiments using the reported model
from Smulders et al.”® revealed a decrease of this penalty (from
13 to 8 kJ mol ') upon decreasing the number of stereogenic
centres from 3 to 1, which can justify the gradual decrease in
the chiral amplification (Fig. 14). When 3 stereogenic centres
are present, the HRP is rather high, impeding the formation of

This journal is © The Royal Society of Chemistry 2023
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inverse helical domains within the same stack. This HRP values
makes the presence of homochiral stacks easier even at low
concentration of the chiral sergeant. Upon decreasing the
number of stereogenic centres, the decrease in the HRP favours
the apparition of domains of inverse helicity within the same
stack impeding the chiral amplification process in the SaS
experiments. Therefore, for OPETAs, the decrease in the num-
ber of stereogenic centres decreases its amplification of asym-
metry ability, in contrast to that observed for BTAs as described
above.””

In accordance with that reported for BTAs, temperature
decreases the MMP and, therefore, decreases the chiral ampli-
fication in MR experiments (Fig. 15).*>° The MR experiments
revealed that a 48% of ee is necessary to attain a complete
amplified state in the OPETAs bearing 3 stereogenic centres.**”
Decreasing the number of stereogenic centres present in the
OPETAs, increases the amount of ee that is necessary to obtain
a complete chiral response (with ee of 57% and > 80% for 2 and
1 stereogenic centres, respectively).”** This observation was
explained in terms of the values of MMP obtained from the
MRs experiment fitting to the two component model.**** In
this case, and in agreement with the values obtained from the
SaS experiments, it is assumed that the HRP would be high and
this effect can be ruled out. The values of calculated MMP
showed that this energy penalty increases upon decreasing the
number of stereogenic centres. This value is minimum for MR
experiments between OPETAs ($)-26 and (R)-26, containing only
one stereogenic centre (Fig. 15), where the MMP value (5.4 kJ mol ")
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Chemistry, copyright 2019).

is comparable to the calculated HRP from the SaS experiments.
Therefore, in these tricarboxamides, it is more probable to have
helical reversals within the stacks impeding the chiral amplifica-
tion. As a conclusion, increasing the number of stereogenic
centres per monomeric unit results in a lower MMP, enhancing
the chiral amplification phenomenon in OPETAs, in sharp con-
trast with BTAs.”®

Theoretical calculations by using the GFN2-xTB approach
permitted comparison of the temperature dependence beha-
viour of chiral amplification in BTAs with OPETAs.*** These
calculations showed the rotation between neighbouring OPETA
units is ca. 18°, whereas for BTA units it is ca. 65° within the
stack (Fig. 16). The smaller angle present in OPETAs increases
the steric hindrance and, therefore, upon increasing the num-
ber of stereogenic centres, this angle will increase to reduce the
steric hindrance which decreases the MMP. The bigger angle in
stacked BTAs gives rise to weak interactions between the side
chains and remains mostly unchanged within the number of
stereogenic centres. Therefore, increasing the number of chiral
side chains in BTAs increases the steric hindrance, which
results in larger MMP values. Chiral amplification experiments
were also performed by our research group in related Cs-
symmetric TPBAs with a propeller shape.”®® MR experiments
performed between (S)-2 and (R)-2 revealed that 22% of ee
excess was enough to bias the helicity of the mixture to yield
homochiral helixes. Moreover, a MMP of 1.00 k] mol * was
calculated, a slightly lower value in comparison with related C;-
symmetric BTAs ($)-1 and (R)-1, thus decreasing the amount of
ee needed to yield homochiral helices.”” SaS experiments
performed in these TPBAs were not conclusive due to the
contribution of linear dichroism. In this case, theoretical
calculations reveal that the rotation angle between adjacent
TPBAs is 26°. This rotation angle is optimum to favour the
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van der Waals interactions between the aliphatic side chains
which results in a very efficient chiral co-assembly (Fig. 16).
OPETASs have also been used to co-assemble with oligophen-
ylene based discotics bearing a variable number of amide
groups.”®” Oligophenylene ethynylene (OPE) with a variable
number of amido and ether functional groups are not able to
form helical SPs. Remarkably, performing a mixed SaS experi-
ment between achiral OPETA 3 and chiral (§)-27, the copolymer
poly-3-co-(S)-27 with a preferred helical sense was formed. This
copolymerization takes place by incorporation of ($)-27 within
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the helical stacks formed by 3 together with a successful
amplification of asymmetry between ($)-27 and 3, with this
effect reaching the maximum when a 1:1 mixture of each
monomer is present (Fig. 17(a)).

Other systems, in which a very efficient amplification of
asymmetry has been demonstrated, are the propeller-shaped
triphenylamine tricarboxamides (TPATAs) 28 reported by Aida
and co-workers in 2016 (Fig. 17(b)).*> The SaS experiments
evidenced that only 0.3% of the sergeant was enough to yield
complete homochiral helices.
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(@) Chemical structure of OPE (S)-27 and schematic representation of the formation of poly-5-co-(S)-27 (reproduced from ref. 50b with

permission from the American Chemical Society, copyright 2012). (b) Chemical structures of TPATAs 28. (c) SaS experiments for mixtures of 28/C;(5)-28,
28/Cy1(S)-28, 28/Com,m(S)-28, and 28/C3(S)-28 (298 K, cr = 30 uM in cyclohexane) (reproduced from ref. 85 with permission from the Royal Society of

Chemistry, copyright 2016).
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The importance of completely understanding the amplifica-
tion phenomena is exemplified by the works described by our
group.®®®” In particular, MR experiments performed in TPATAs
30 (Fig. 18(a)) show different behaviour if they are recorded
immediately after heating and cooling the samples or after
aging them for 24 hours (Fig. 18(b)). The samples measured
immediately after their mixing, yielded amplification of asym-
metry only at large ees (~65%) while the aged samples showed
complete homochiral helical sense at ee values of ~30%. This
behaviour is explained by the formation of an intramolecular
H-bond yielding a seven-membered metastable kinetic species
which acts as a chain capper in the supramolecular polymer-
ization of 30 (Fig. 18(a)) and thus, retarding the amplification of
the asymmetry process. It is worth mentioning that substitu-
tion of the phenyl into a biphenyl (compounds 30 in Fig. 18(a))
in the aromatic scaffold in TPATAs results in the absence of
amplification of asymmetry in the SaS experiments.®® This
behaviour is explained by the lack of co-assembly between
achiral 30 and chiral (S)-30 as evidenced by the apparition of
two transitions in the UV-vis cooling curves of the 1/1 mixture.
These transitions are the same as those of the two components
separately, indicating a narcissistic self-sorting phenomenon.
The self-sorting homopolymerization was previously shown by
Meijer and co-workers in the copolymerization of TPATAs and
pyridyl triamides.®

Co-assembly of different enantiomers can lead to a change
in the type of the aggregates formed. For example, Nakashima
and co-workers described the supramolecular polymerization
of chiral binaphthalenes 31.°° The temperature dependent
absorption experiments suggested an isodesmic mechanism.
When the MR experiments on (S)-31 and (R)-31 were per-
formed, a hypsochromic shift in the CD was observed when
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Fig. 18 (a) Chemical structures of triarylamine tricarboxamides 29 and 30
indicating the formation of the intramolecular H-bond. (b) Schematic
illustration of the chain-capper effect exerted by the intramolecular
H-bond acting as a chain capper in the MR experiments (reproduced from
ref. 87 with permission from the Royal Society of Chemistry, copyright
2021).
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decreasing the ee suggesting a change in the molecular packing
(Fig. 19(a)—(c)). Below an ee of 0.6 the aggregates formed were
short fibers in contrast with the long fibers formed for enan-
tioenriched copolymers as visualized by transmission electron
microscopy (TEM).

Recently, Boutellier and co-workers, studied the supramole-
cular polymerization of bisureas 32 (Fig. 19(d) and (e)).°" In this
work, they found the existence of two competing helical assem-
blies, a double helical and a single helical one depending on
the temperature. The discrimination between both types of
assemblies was assessed by CD spectroscopy, small angle
neutron scattering (SANS) and nanodifferential scanning calori-
metry (nDSC). For the heterochiral assemblies (SS-Val + RR-Val)
the double helix was favoured while for the homochiral (SS-Val
or RR-Val) assemblies the single one predominated. MR experi-
ments between $S-Val and RR-Val at different temperatures in
which the double helical and the single helical assemblies are
predominant (80 °C and —10 °C respectively) affording the
corresponding HRP and MMP data. Therefore, this investiga-
tion reveals how subtle differences in the energetic values
ended in the formation of different aggregation modes.

Amplification of asymmetry has been also observed for PDIs.
Wiirthner et al. studied the influence of the peripheral side
chains in the supramolecular polymerization of a series of
PDIs.”> They found that for these PDIs when a methyl
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Fig. 19 (a) Chemical structure of (S)-31 and (R)-31. (b) CD spectra of the
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value (reproduced from ref. 90 with permission from Wiley-VCH, copy-
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MCH, 4 = 233 nm) (reproduced from ref. 91 with permission from Wiley-
VCH, copyright 2021).

S§S-val

Chem. Soc. Rev., 2023, 52, 7524-7548 | 7539


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00470h

Open Access Article. Published on 11 October 2023. Downloaded on 11/5/2025 10:07:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev
b)

20]
@*x BB, -~
xNH !
OR,
R3
LR =R =% NN
38:R,=R,=%

R1=za/\/k/y\

PDI 33: PDI

33:R,=R,=R,= %

CD/mdeg —=

34:R,=R,=R,= ii/\/\/\/\

35:R,=R,=R,= %

=——100:0
e 80:20
—— 60:40

50:50

View Article Online

Review Article

d) OCi2Hos
C12H250 OC12Hzs

N O/o OON

35

(S)-40: R=‘g_/\)\/\)\
(R)-40: R:zz/\/'\/\/k

36:R,=R,=R,= %

YN
37 R'=R2=R3=’g/\v\ Ry=%

c)
, °
/ <>
" W -y
- e Nt S
stacking % -
- >
P ~ L Wa =53

[ saggregate No steric crowding

Fig. 20

39:R|=R,=”{\/k/\)\ 350 400 450 500 550 600 650 700

R”70O O”"R
) 3\ 5 ) .
p3 X R e %, j \ A
4 J¥R) 2 Mixing at 7€ A 7€ ,-? v
W monomer state 4 Fo *
T W g~k v Mo L
P P s - o
’ { TN
(5)-40 enriched mixture (S)-40(-100% ee) (R)-40(100% ee)
- of (S)-40 and (R)-40 monomers at 50 °C monomers at 50 °C monomers at 50 °C
Mixing at
W nanotoroid state w
Enantiopure Enantiopure
Menanotoroid [ P nanotoroid
o ey €5 ©
] 3 < J
)
\ Scalemic Pnanotoroids Mixture of enantopure Pnanoloroids
o /i at20°C and M-nanotoroids at 20 °C
N W |
o

& o @

CE

Scalemic nanotubes Mixture of enantiopure

P-and M-nanotubes at 0 °C

=
-

g) +20% ee

R
®
3 3

Ae3420m (M cm ')

&

Hegsgom M em™)
°

-100  -50 0 50 100 0
ee (%) ee (%)

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
g | wy SO
:
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

(a) Chemical structure of PDIs 33—-39. (b) CD spectra of mixtures of PDIs 33 and 35 at different ratios (ct = 10 uM in MCH/CHCls 80/20). (c)

Schematic representation of the polymerization of PBIs 33-39 into H- or J-aggregates (reproduced from ref. 92 with permission from Wiley-VCH,

copyright 2008). (d) Chemical structure of (S)- and (R)-40. (e)
40. (g) MR experiment performed in scalemic nanotoroids as prepared in

and (f) Schematic representations of the distinct hierarchical organization of (5)-40 and (R)-

(e). (h) MR experiment performed in mixtures of enantiopure nanotubes as

prepared in (f) (ct = 300 uM in MCH) (reproduced from ref. 96 with permission from the American Chemical Society, copyright 2023).

substituent was present in the peripheral side chains (PDIs 33-
39 in Fig. 20(a)), J-aggregates were formed to avoid the steric
repulsion between them, whereas for the less crowded PDIs 33
and 34, H-aggregates were formed. Co-assembly of achiral PDI
33, which forms H-aggregates, and chiral PDI 35, which forms J-
aggregates, was studied through a SaS experiment (Fig. 20(b))
which showed the appearance of a CD signal upon increasing
additions of chiral PDI 33 to achiral PDI-35 resulting in a H-type
aggregate. A further increase in the ratio of PDI 33 resulted in
the appearance of a separated band at 623 due to the formation
of J-aggregates and a significant decrease in the CD signal due
to a decrease in the concentration of H-aggregates upon
increasing the steric repulsion (Fig. 20(c)). This change in the
aggregation mode highlights that a geometrical complemen-
tarity between the monomers should be present for an effective
amplification of asymmetry.

In all the examples of amplification of asymmetry described
above, the MR experiments show a positive nonlinear response
in which a small ee of the chiral building blocks leads to
unproportionally large chiroptical signals near zero ee. In
contrast, there is also an effect shown by some systems known
as the “racemate rules effect” (RRE), where a linear response of
the CD is observed near zero ee while giving large nonlinear
chiroptical responses at high values of ee. Only few published

7540 | Chem. Soc. Rev,, 2023, 52, 7524-7548

systems exhibit this phenomenon described by Jiang and co-
workers.”*°* These systems were formed by dicationic and
anionic hosts such as malate and amino acids. An interesting
application for this RRE effect is the determination of the ee of
an enantioenriched mixture because of its non-linear behaviour
at high ee.”® A plausible explanation is that a particular polymer
cooperatively binds opposite enantiomers (a racemic mix) until
the solution is so depleted in enantiomers that the polymer can
only bind those of the same handedness, which would occur
with solutions of higher ee values. The interest of this system
relies on the origin of this behaviour because the systems by
themselves cannot yield high amplification of asymmetry
unless there are high loadings of enantioenriched mixtures.
Very recently, Yagai and co-workers described the supramo-
lecular polymerization of scissor-shape azobenzene dyads 40
functionalized with chiral side chains (Fig. 20(d)).”>°® These
dyads give rise to two levels of organized aggregates: firstly,
toroids are formed when cooling hot MCH solutions to 20 °C
and, secondly, these toroids grow into nanotubes when cooled
further down to 0 °C. When the chiral monomers are mixed in a
MR experiment and allowed to cool to 20 °C, enriched nanotor-
oids are formed by the copolymerization of both enantiomers
(Fig. 20(e) and (f)). These asymmetrically enriched nanotoroids,
when cooled down to 0 °C, give rise to nanotubes of preferred

This journal is © The Royal Society of Chemistry 2023
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helicity with a strong majority-rules effect (Fig. 20(g)). However,
if the solutions are mixed at 20 °C the nanotoroids give rise via
a narcissistic polymerization to homochiral nanotubes showing
the absence of amplification of asymmetry (Fig. 20(e)). This
exemplifies the importance of understanding the aggregation
modes of the system of choice to successfully allow the correct
mixing and copolymerization of the constituting monomers.

It is important to remark that not all helical SP give rise to
amplification of asymmetry, as demonstrate the NPBIs 8
described in our research group, which self-assemble through
an isodesmic mechanism into helical aggregates with a pre-
ferred helicity depending on the chiral nature of the peripheral
chains (Fig. 5(b)-(d)).”® Co-assembly between chiral (S)-8 and
(R)-8 did not result in any MR effect. The lack of a MR effect
could be justified by considering the isodesmic character of the
supramolecular polymerization of 8. In fact, only few examples
have been described where amplification of asymmetry was
found for isodesmic or small cooperative mechanisms.**%” It
has already been mentioned that isodesmic mechanisms
decrease the degree of polymerization and increase the poly-
dispersity of the SP formed in comparison to cooperative
mechanisms. Therefore, a decrease in the amplification of
asymmetry phenomenon could be explained by the similar
energy associated to the formation of homopolymers, formed
between pristine monomeric units (achiral or chiral), and the
heteropolymers formed by the mixture of both species.

Therefore, and according to the literature, the co-assemblies
must fulfil some requisites to execute and efficient amplifica-
tion of asymmetry: (i) the congeners must exhibit a geometry
complementary in such a way that they efficiently co-assemble,
instead of having a narcissistic polymerization; (ii) the pre-
ferred supramolecular polymerization mechanism should be
cooperative, and (iii) there should be a favourable energetic
balance described by the MMP and the HRP.

Symmetry breaking in supramolecular polymers: chiral
structures from achiral units

A common feature of all the examples collected in the previous
sections is the presence of a chiral monomeric unit to achieve a
helical SP. The self-assembly or the co-assembly of such mono-
meric units finally affords such helical species in a process
involving transfer or amplification of asymmetry. It is worth
mentioning that a less common strategy to achieve homochiral
entities involves achiral monomeric units and the application
of an external, chiral stimulus that finally yields the helical
aggregate in a process termed symmetry breaking. Symmetry
breaking implies the spontaneous generation of enantiomeric
excess from an equimolecular mixture of two enantiomers
through the application of an external stimulus, usually stir-
ring, solvent, a magnetic field or light.”® Symmetry breaking is
often observed in the field of crystallization upon the applica-
tion of controlled stirring. Following this strategy, Rib6 and co-
workers were able to generate chiral aggregates from diluted
solutions of 4-sulfonatephenylporphyrins by biasing the stir-
ring direction. The helical aggregation of this porphyrin deri-
vative is governed by the spinning direction of the vortex

This journal is © The Royal Society of Chemistry 2023
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created. Importantly, once formed, these aggregates always
exhibit the same helicity regardless of the spinning sense which
implies the generation of chiral entities in a static situation.”
Despite the examples of kinetically controlled supramolecular
polymerization yielding chiral (or achiral) supramolecular poly-
mers, the correlation between the different methodologies used
to initiate the aggregation and the rate constants of the
aggregation process that finally generates optically active aggre-
gated species is less studied. In this regard, the studies reported
by Monsu Scolaro and coworkers on the effect of acidification
of meso-tetrakis(4-sulfonatophenyl)porphyrin (TPPS) shed rele-
vant light on the achievement of chiral entities upon a sym-
metry breaking event. Thus, the addition of acid traces to a
dilute solution of the TPPS results in a sigmoidal profile
featuring an induction period at the beginning of the process
that resembles an autocatalytic process. However, inverting the
sequence, that is adding a solution of the TPPS into an acidic
solution, results in an exponential growth of the dichroic
response without any initial induction time. These studies
indicate the strong influence of the protocol utilized to gen-
erate the nucleation regime. Thus, adding TPPS to the acidic
solution affords a large number of nuclei and, consequently, a
large number of CD-inactive nuclei. On the other hand, the
addition of acid into the TPPS solution shortens the nucleation
regime thus resulting in a more sensitive chiral response.'*
Interestingly, controlling the stirring direction can also provoke the
appearance of dynamic symmetry breaking effects in SPs. Stirring
forces to generate chiral SPs have also been utilized to afford chiral
structures with other porphyrins,'®“ or BTA derivatives able to
form organogels.'®? Thus, the flexibility of SPs formed from achiral
dendronized porphyrins,'® an oligo(p-phenylene vinylene)
derivative'®® or N-annulated perylenedicarboxamides'® favours
the switch of the macroscopical helical alignment with the spin-
ning sense. This dynamic effect is an outstanding probe to sense
the macroscopic chiral character of local fluidic flows.

The solvent-solute interactions are crucial in SPs to control
the stability and, consequently, the final properties of the
aggregated species.”” The relevance of such solvent-solute
interactions has been also harnessed to bias solvent-
controlled symmetry breaking. In this area, the pioneering
reports by Green et al. demonstrating that optically active
solvents generate minute solvation energy differences between
the enantiomeric P and M helices of achiral polyisocyanates, ">
prompted the use of chiral solvents to achieve helical SPs. In
good agreement with that reported by Green et al. on poly-
isocyanates, a linear correlation between the CD response and
the excess of a chiral solvent like (S)-2,6-dimethyloctane or
enantiomerically enriched limonene, that corroborates the
formation of helical SPs from achiral monomeric units, was
observed for achiral BTA 5-hex,*** achiral urea 32EHrac,'®® or
achiral PBI 33.'%” However, more challenging is deciphering the
influence exerted by a chiral solvent in the formation of helical
SPs built up from chiral self-assembling units. Thus, Palmans,
Meijer and co-workers reported in 2021 the diastereomeric
differences in the supramolecular polymerization of enantio-
mers of chiral triphenylene-2,6,10-tricarboxamides TTAs

Chem. Soc. Rev,, 2023, 52, 7524-7548 | 7541
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Fig. 21 Chemical structure of chiral TTAs 41 (a) and the chiral solvents
(S)-ClMeBu and (S)-CldMeOct (b). (c) Schematic illustration of the supra-
molecular polymerization of TTAs 41 depicting the role of solvent in the
thermodynamic equilibrium between two competing helical aggregates
for a single enantiomer (HT and LT high and low temperature, respectively;
reproduced from ref. 106 with permission from Wiley-VCH, copyright
2010).

(compounds 41 in Fig. 21(a)) by using chiral chlorinated
solvents (Fig. 21(b))."%®

Importantly, the results reported for these systems indicate
that the energetic difference between the helical SPs formed by
the self-assembly of compounds 41 is similar to the interaction
energy of these helical SPs with the chiral solvent. The CD spectra
of both enantiomers of TTAs 41 are mirror images and, interest-
ingly, increasing the temperature yields CD spectra for each
enantiomer that are mirror images to those registered at 20 °C.

Variable temperature CD experiments show a thermore-
sponsive stereomutation in the formation of helical SPs. The

r-CPL r-CPUL

View Article Online
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temperature at which the stereomutation is produced depends
on the point chirality of the side chains of the monomeric unit
and the point chirality of the chiral solvent. Therefore, the
dissimilar helix inversion temperatures indicate that the chiral
solvent breaks the mirror symmetry between the enantiomers,
inducing a diastereomeric relationship based on additive solva-
tion effects by the chiral solvent (Fig. 21(c)). The results
presented in this recent report indicate that the helical pre-
ference induced by chiral monomers and chiral solvents is
similar in energy, but becomes visible only in cooperative
systems since minute energy differences accumulate along
the sufficiently long supramolecular polymer structure.'®

The interaction of light, and more specifically, CPL is a very
intriguing way to achieve symmetry breaking in supramolecular
polymerization thus yielding helical SPs. Le Bel and van’t Hoff
proposed that CPL could be responsible for the origin of
natural homochirality. The irradiation of natural samples with
CPL could trigger the achievement of an enantioenriched
sample from a racemic mixture.'” Inspired by this theory,
some reports, still very scarce, collect the formation of chiral
SPs from achiral monomeric units upon the irradiation with
CPL. To the best of our knowledge, the first example describing
the formation of helical SPs from achiral monomeric units
upon the irradiation with CPL was reported by Kim et al. for C;-
symmetric triarylamines endowed with three amide functional
groups and diacetylene moieties (compound 42 in Fig. 22(a)).
Whilst a diluted solution of 42 in dichloroethane is CD silent,
the irradiation of this solution with /-CPL or -CPL gives rise to
rich CD spectra with opposite Cotton effects diagnostic of the
formation of helical aggregated species due to the generation of
radical cations. The subsequent photopolymerization of the
diacetylene moieties by irradiating the samples with UV light
generates covalent polymers that lock the handedness achieved
by irradiating the monomeric units with CPL (Fig. 22(b))."** A
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(a) Chemical structure of triarylamines 42. (b) Schematic representation of the formation of helical SPs and covalent polymers from 43 upon CPL

irradiation. (c) and (d) Chemical structure and schematic illustration of the N-annulated perylenes 43. (e) UV-Vis (bottom) and CD (top) spectra of the
aggregated species formed from 43 upon CPL irradiation. (f) Schematic illustration of the formation of M- or P-type helical SPs upon irradiation of 43 with
(-CPL or r-CPL, respectively (reproduced from ref. 110b with permission from the American Chemical Society, copyright 2010).
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similar strategy has been followed by Zou and co-workers by
using an achiral porphyrin scaffold also endowed with diacety-
lene groups.''! Triarylamine 42, and its chiral congeners (S)-42
and (R)-42, have been utilized to perform SaS experiments in
which the samples are irradiated with CPL. These experiments
demonstrated that point chirality and CPL irradiation compete
to generate helical aggregates. Thus, for the CPL with mis-
matched handedness, above a critical molar fraction of the
sergeant, the handedness of the co-assembled system is dic-
tated by this chiral component. However, below this critical
molar fraction, CPL overrides the point chirality with increas-
ing irradiation time which results in helical aggregated species
of opposite handedness.!*%?

Our research group has recently reported the formation of
helical SPs from the achiral N-annulated perylenetetracarbox-
amide 43 by irradiating with /-CPL or r-CPL (Fig. 22(c) and (d)).
Previously, we observed that the chiral congeners (S)-43 and (R)-
43 form enantioenriched helical SPs in nonpolar solvents like
MCH that are able to generate CPL of opposite sign depending
on the point chirality of the side chains. The irradiation of a
diluted solution of achiral 43 in MCH with [-CPL or r-CPL
results in a null dichroic response diagnostic of the presence of
a racemic mixture of both M and P helices and without
experiencing any symmetry breaking effect. However, if this
diluted MCH solution of 43 is heated up to 90 °C, the tempera-
ture at which a complete disassembly of the aggregates is
produced, and irradiated with -CPL or r~CPL, the formation
of enantioenriched helical SPs is observed, as demonstrated by
the appearance of a clear CD response (Fig. 22(e) and (f))."**

Conclusions and outlook

The research field of SPs is a very active one, in which systems
with increasing complexity are constantly emerging. The

View Article Online
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mathematical models elaborated to investigate the formation
of SPs have contributed to explore new ways and find new
functionalities for these self- or co-assembled supramolecular
species. As an active branch within the ample field of SPs,
chiral SPs are an excellent benchmark to generate helical
structures that can model the origin of homochirality in Nature
or determine other exciting functionalities. In this review, we
highlight the most utilized strategies to build up chiral SPs. The
most common strategy implies the self-assembly of chiral
monomeric units endowed with any element of asymmetry,
point or axial chirality, and functional groups able to establish
stable non-covalent interactions. The supramolecular polymer-
ization of a single, chiral component into helical aggregates is
termed transfer of asymmetry. On the other hand, chiral SPs
can be efficiently attained by the co-assembly of two structurally
close species. Two different experiments are mainly used to
afford chiral SPs from mixtures of two components: (i) the SaS
experiments, in which achiral soldiers and chiral sergeants are
mixed together to yield a homochiral mixture (Fig. 23(a)) and
(ii) the MR experiments, in which a mixture of two enantiomers
of the same scaffold at different ratios is mixed together to give
rise to enantioenriched heteropolymers (Fig. 23(b)). In these
experiments, the thermodynamic penalties HRP and MMP play
a crucial role in controlling the ability of the system to experi-
ence amplification of asymmetry. Finally, we highlight some
examples of symmetry breaking in which physical stimuli
(stirring, solvent or light) generate an unbalanced mixture of
enantiomers to produce a final enantioenriched sample. SPs
can present enhanced mechanical, biomedical or optoelectro-
nic features in comparison to covalent polymers or isolated
molecules which results in outstanding applications.’*® In
addition to these applications, chiral SPs can also be applied
in specific fields for chiral entities. Thus, chiral SPs are being
elegantly utilized in materials science as CPL-emitters with
remarkable emissive properties (Fig. 23(c)).°®''* Chiral SPs
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® )~ (R) (R) s) R
/ R AR © e
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Fig. 23 Schematic illustration of the function that chiral supramolecular polymers can exert in the field of amplification of asymmetry by developing
sergeants-and-soldiers (a) and majority rules (b) experiments; the generation of efficient CPL-emitters (c) and the application of these helical structures

as spin filters (d).

This journal is © The Royal Society of Chemistry 2023

Chem. Soc. Rev,, 2023, 52, 7524-7548 | 7543


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00470h

Open Access Article. Published on 11 October 2023. Downloaded on 11/5/2025 10:07:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

have been also reported to act as efficient electron-spin filtering
materials upon deposition on conductive surfaces due to their
chirality-induced spin selectivity properties (Fig. 23(d)). These
spin selectivity properties make them candidates for various
spintronic applications.**** %5 The helical aggregated spe-
cies formed upon supramolecular polymerization of chiral
monomeric units have also been utilized to induce chirality
in catalytic processes. This induction can be achieved by
functionalizing the monomeric units with elements amply
utilized in catalytic reactions like phosphines or proline
residues.''® A second strategy for chiral SPs to induce chirality
in organic reactions involves the incorporation of chiral self-
assembling units as pendants in copolymers that also contain
these elements utilized in catalytic processes."”

Finally, this review contains a section devoted to amplifica-
tion of asymmetry in which several co-assembly structures have
been highlighted. A common feature of all those systems
collected in this section is the structural similarity between
the molecular components that finally generate the helical SPs.
However, recent literature collected exciting examples of co-
assemblies constituted by very dissimilar structures (covalent
polymers, organogels, nanoparticles, etc.) able to form chiral
aggregated species able to exert thrilling functions."®

In summary, this review highlights a collection of relevant
examples of the techniques utilized to build up chiral SPs,
highlighting relevant thermodynamic issues associated with
the generation of such helical assemblies. In addition, and in
a succinct manner, the outlook regarding the specific applica-
tions of chiral SPs is presented to display the interest of these
supramolecular structures in the quest for new functionalities.
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AFM Atomic force microscopy

Agg Aggregated species

BTA 1,3,5-Benzene tricarboxamide

CBT Carbonyl-bridged triarylamine

CD Circular dichroism

CldMeOct Chlorodimethyloctane

CPL Circularly polarized luminescence
DMR Diluted majority-rules

DTA Dibenzoyl p-tartaric acid

ee Enantiomeric excess

HRP Helix reversal penalty

K. Elongation binding constant

K, Nucleation binding constant

LS Living supramolecular polymerization
MCH Methylcyclohexane

MMP Mismatch penalty

MR Majority rules

nDSC Nanodifferential scanning calorimetry
NPDI N-Annulated perylenediimides
OPETA Oligo(phenylene ethynylene)tricarboxamide
OPV Oligo-p-phenylene

PDI Perylenediimide
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RRE Racemate rules effect

SANS Small angle neutron scattering

Sas Sergeants and soldiers

SP Supramolecular polymer

SSP Seeded supramolecular polymerization
TPBA 1,3,5-Triphenylbenzenetricarboxamide
TPTA Triphenylamine tricarboxamide

TTA Triphenylene-2,6,10-tricarboxamide
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