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In the Chinese language a large number of small forces adding up to a large force expresses
the mutually intertwined ideas of cooperation and amplification, this finds parallel in the chiral

properties of dynamic helices.

---Mark M. Green

)

Chinese character for cooperation-amplification.
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Abbreviations

e.e.: enantiomer excess

BTA: Benzene-1,3,5-tricarboxamide

alkyl BTA: N,N’,N*’-Trialkylbenzene-1,3,5-tricarboxamide
OPE: oligo(phenyleneethynylene)

TPA: triphenylamine

PQX: Poly(quinoxaline-2,3-diyl)

BUBA: N-substituted benzene-1-urea-3,5-biscarboxamide
DHN: decahydronaphthalene

DI diisocyanideTrMA: triphenymethyl methacrylate
PPh,: diphenylphosphine

CD: circular dichroism

NMR: nuclear magnetic resonance

SANS: small angle neutron scattering

HRP: helical reversal penalty

Ke: equilibrium constant for the elongation stage
Kn: equilibrium constant for the nucleation stage
S&S: sergeants-and-soldiers

MR: majority-rules

NPnone: 1-(4-nitrophenyl)ethanone

TPPCI: tetraphenylphosphonium chloride

FT-IR: Fourier-Transform Infrared

Tf=triflimide

DCM: dichloromethane

DP,: degree of polymerization



Introduction

Parts 11.3 and parts 11.4 dealing with chirally-amplified helical catalysts and switchable
helical catalysts, respectively, constitute the main topic of the thesis and, accordingly, have been
covered comprehensively. They are the main parts of a mini-review published in ChemCatChem
(Yan Li, Laurent Bouteiller, Matthieu Raynal, ChemCatChem, 2019, DOI: 10.1002/cctc.201901246)



I Macromolecular helices: definition, classes and properties
1.1 Definition

As one basic property of nature, chirality plays a crucial role in living organisms. Among the
hierarchical levels from subatomic to galactic scales, chirality at the molecular and supramolecular
levels is vitally important for the field of chemistry and materials. Helicity, one special form of axial
chirality, is defined as an entity that has an axis about which a set of substituents is held in a spatial
arrangement that is not superimposable on its mirror image.! Macromolecular helices are a specific
class of topological structures which are inherently chiral and adopt either a pure P or M helical
configuration or an alternation of these two configurations within the same helix separated by helix
reversals (Figure 1). Homochiral (single-handed) helices are key structural elements in nature, such
as alpha helix and other types of helical secondary structures in proteins and the DNA double helix.
It has been reported that non-covalent interactions play a crucial role in the construction and
aggregation of helical biomacromolecules. For example, the formation of amyloid fibrils is driven by
the aggregation of certain proteins into helical structures and lead to various pathologies. Another
example is the hydrogen bonding and aromatic interactions between complementary bases that make
DNA strands to assemble and form a stable helical structure. Inspired by nature, chemists have made
huge efforts to design synthetic helices not only to mimic biological helices and properties but also

for their potential applications in material science.?

P-helix M-helix

Figure 1 Schematic illustration of P and M homochiral helices and one (not optically pure) helix

containing helix reversals®



1.2 Different classes of molecular helices

Inspired by nature, considerable efforts have been dedicated to construct helices from
different kinds of building blocks. Herein helical scaffolds are divided into three classes:
biomacromolecular helices, covalent helices and supramolecular helices, which will be described
specifically in the following part. Shorter helices such as foldamers?, helicenes* and helicates® have

also been designed for numerous applications but will not be covered in this thesis.
1.2 a Biomacromecular helices

Natural DNA forms predictable, highly organized helical structures which can be easily
functionalized for the construction of synthetic hybrids. A nice feature of DNA is the different
structural features that it may adopt. For example, A-DNA and B-DNA are both right-handed double
helices, but the helical structure of A-DNA is more compact, since the base pairs are not
perpendicular to the helix-axis as in B-DNA. Z-DNA adopts a left-handed double helical structure,
and thus expresses a different configuration at the supramolecular level although being constructed
with the same base pairs than A-DNA and B-DNA. It is interesting to note that DNA strands can
form additional supramolecular structures, such as G-quadruplexes.® In addition to DNA helices,
polypeptides/proteins can also assemble into complex helical assemblies due to the interplay
between van der Waals forces, hydrogen bonding, electrostatic, and aromatic interactions, such as
for example the aggregation of G-actin into F-actin.” Structurally intricate helical peptides or
proteins with the desired functions can now be constructed entirely from scratch (“de novo” design)

or be designed by genetic or chemical modification of natural proteins.® (Figure 2)

(a) (b)

Figure 2 Schematic diagrams of (a) right-handed double-helix of DNA®; (b) Modelled structure of
the hairpin helix-loop-helix motif formed by a synthetic 42-residues peptide (KO-42).® KO-42
dimerizes into an antiparallel four-helix bundle (not represented) and catalyses hydrolysis and

transesterification reactions thanks to the highlighted histidines residues.’


https://en.wikipedia.org/wiki/Base_pair

1.2 b Covalent polymer helices

To mimic natural helical structures, huge effort has been devoted to the construction of
artificial helices with synthetic macromolecules™. The first observation of a helical structure adopted
by a covalent polymer referred to highly isotactic polypropylene (synthesized by a Ziegler-Natta
catalyst) in the crystalline state. However the polypropylene could not maintain its helical
conformation once dissolved into solvents.* A series of isotactic vinyl polymers, prepared by
embedding chiral substituents in the polymer main chain, was found to be optically active but again
the helical conformation was not satisfactorily stable in solvents.* One breakthrough happened with
polymers adopting a stable helical conformation in solution, such as poly-triphenymethyl
methacrylate (poly-TrMA) and polyisocyanates. For example, the anionic polymerization of TrMA
with (—)-sparteine-n-Bu-Li(lll) complex as chiral catalyst yields isotactic and optically active poly-
(TrMA) as a consequence of the helical conformation adopted by the polymer backbone.*?*2 It is of
high importance to increase the conformation stability and, in the case of poly-(TrMA) it has been
achieved by incorporating bulky groups on the lateral chains of the polymers. However, subsequent
studies on other families of monomers have demonstrated that introducing bulkiness in the monomer

side chain is not a general requirement to get configurationally stable helical polymers.*!

As can be seen in Figure 3, different polymer backbones exhibit varied helix inversion
barriers. Helical polymers with high helix inversion barriers are named as “static helical polymers”
since their handedness is set upon the formation of the polymer and cannot be reliably inversed
thereafter .In contrast, dynamic helical polymers have low helix inversion barriers, leading to rapid
interconversion between P and M conformations. Importantly, for a same family of monomers, the
corresponding polymers can be classified either as static or dynamic which highlights the importance
of the monomer side chain in tuning the inversion barrier. The different methods developed for
preparing homochiral helical polymers will be shown in part 1.3.
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Figure 3 Examples of static and dynamic helical polymers with different helix inversion barriers.?

For helical polymers with accessible chromophores, the chiral optical activity can be directly
quantified by circular dichroism (CD). The net helicity, i.e. the fraction between left-hand and right-
handed fragments within the helical main chain, can be determined by measuring the CD intensity.
Besides, it was reported that single-handed helical polymers show practical applications in different
fields, such as enantiomer separation and asymmetric catalysis (see part Il). For example, certain
helical polymers afford significant chiral recognition ability and can be used as very efficient chiral
stationary phases for high performance liquid chromatography (HPLC).* A nice example
highlighting the dynamic properties of helical polymers is the switchable chiral HPLC stationary
phase developed by Yashima and co-workers, which is constructed from polyacetylene bearing 2,2'-
bisphenol-derived side chains. The handedness of the polymer can be selected in the solid state
before use by interaction with a chiral alcohol, and the desired helicity is maintained after removal of
this chiral additive (chiral memory). This feature enables the modulation of the elution order when
this helical polymer is employed as a chiral HPLC stationary phase.**
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1.2 ¢ Supramolecular polymer helices
Definitions

Supramolecular polymers are defined as “polymeric arrays of monomeric units that are
brought together by reversible and highly directional secondary interactions, resulting in polymeric
properties in dilute and concentrated solution as well as in the bulk. The directionality and strength
of the supramolecular bonding are important features of systems that can be regarded as polymers
and that behave according to well-established theories of polymer physics”.* Various kinds of non-
covalent interactions have been utilized as the driving forces for the construction of supramolecular
polymers, which include multiple hydrogen bonding, =n-n stacking, metal coordination and host-

guest interactions.

As one combination of polymer science and supramolecular chemistry, supramolecular
polymers have attracted tremendous interests in various fields from adaptive materials to energy and
medicine. The first truly supramolecular polymer was synthesized by Lehn group in 1990, which
consists of two monomers bearing uracil and 2,6-diaminopyridine groups.'® However, the binding
constants of the repeating units are too low to form long assemblies. A benchmark class of
supramolecular polymers is those constructed with the ureidopyrimidinone moiety, which could
assemble through self-complementary 4-fold hydrogen bonding interactions, and form polymers
with macroscopic properties that resemble those of covalent polymers. Moreover, the dynamic
nature offers additional advantages, such as the low viscosity at higher temperature, facilitating
polymer processing.*’*®

Supramolecular polymers that adopt stable helical configurations usually form through a
linear supramolecular polymerization mechanism which can be named as isodesmic or cooperative
according to the following definitions (Figure 4). The isodesmic polymerization is similar to step
growth polymerization for covalent polymers. The key feature is that the reactivity of end groups is
constant during the whole process, leading to a high dispersity. For example, m-conjugated
molecules with aromatic interactions as the main driving force often polymerize via an isodesmic
mechanism. In contrast, in a cooperative mechanism the monomer binding constant changes during
the assembly, the polymerization only starts above a critical concentration or below a critical
temperature. Analogously to chain-growth polymerization, cooperative growth consists of at least
two stages: nucleation and elongation. As a result of cooperative effect, the binding constant of
elongation stage (Ke) is higher than that of nucleation stage (K,).*> ' There are three origins of

cooperativity: electronic effects, structural effects (allosteric conformational changes and helix
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formation) and hydrophobic effects.® One example of cooperative growth is the polymerization of
bisurea derivatives, which could form long tubular assemblies through hydrogen bonding
interactions.?® Temperature-dependent circular dichroism (CD) and UV-vis absorption analyses are
classically utilized to distinguish between isodesmic and cooperative mechanisms. As could be seen
in Figure 5, variable-temperature CD spectra of isodesmic and cooperative growth exhibit sigmoidal

and non-sigmoidal shape, respectively.?

@ I > SR o

*z*:':.: = ol
K K K K

(b)
*‘—_’*‘—_’tzgzg‘__’etc
Kn Ke Ke Ke

Figure 4 Scheme of (a) isodesmic supramolecular polymerization of disc-like monomers. The
unchanged K indicates that binding constants are equal during the whole polymerization process. (b)

cooperative supramolecular polymerization of discotic molecules *°

(a) (b)
R \/:\/\)\ 1,0 o Cooperative
H"& o] R#* & o Isodesmic
Cooperative, o = 10° y 4
" ooperativ 5)3 0,8
o N >
R £ 06+
R’N‘H 9 o
B 0 g
Benzene-1,3,5-tricarboxamide N' g or' © 0,4
N c
(8TA) " b s
) JOR' 8 021
= OR Ll\:
R': Alkyl chain 0,0 P INIY Ao,
T T T T
Isodesmic, o = 1 300 320 340 360

Temperature / K
Figure 5 (a) Structure of two benzene-1,3,5-tricarboxamide (BTA) derivatives and (b) their

temperature-dependent circular dichroism (CD) spectra indicative of cooperative and isodesmic

polymerizations %

A variety of disk-shaped molecules has been employed for the bottom up construction of
supramolecular polymer helices. They are mainly Cz-symmetrical monomers which consist of a
central aromatic ring or conjugated rings decorated with hydrogen bonding moieties (Figure 6). The
most simple and most studied class of monomers are benzene-1,3,5-tricarboxamide (BTA) which
consist of three alkyl amide functions connected through their carbon atom to the central aromatic

ring. This specific class of monomers has been investigated during this thesis and will be further
12



developed in a specific part below. Structurally-related to BTA-based monomers, Sanchez group
reported a systematic study of oligo(phenyleneethynylene) (OPE)-based discotics decorated with
three amide functions (OPE-TA).?> Miyajima group synthesized propeller-shaped triphenylamine
(TPA) molecules. High chirality amplification effect has notably been found for a TPA-based system
with peripheral amide functions (TPA-TA). It was demonstrated that one TPA-TA enantiopure
sergeant could control the handedness of almost 500 achiral TPA-TA soldiers. (This phenomenon
called as the sergeants-and-soldiers effect will be described in detail in part 1.3 b)?® Theses molecules
possess common features. From the structural point of view, all molecules share triangular shape,
which comprise an aromatic core decorated with peripheral solubilizing groups. The main driving
forces for the formation of the helices are n-n stacking and hydrogen-bonding interactions. In
addition, all these molecules could be appropriately modified with functional groups to impart these

supramolecular polymer helices with new properties.

()

Figure 6 (a) Scheme of supramolecular polymerization of Cs-symmetrical monomers; (b) Molecular

structures of different kinds of monomers®*
Specific case of benzene-1,3,5-tricarboxamide (BTA) helical assemblies

As a ubiquitous monomer unit of supramolecular polymers, the BTA motif can be
conveniently synthesized by a simple amide forming reaction between commercially available
trimesic acid (or trimesoyl chloride) and the desired primary amines. BTA derivatives form helical
stacks in apolar solvents through their three-fold hydrogen-bonding and =-n stacking interactions via
a cooperative process. By incorporating chiral side chains, helices with a preferred handedness can
be achieved conveniently.”> As depicted in Figure 7, the presence of a negative Cotton effect
centered at 225 nm in the CD spectrum of 1 in heptane indicates that the central BTA core adopts a

chiral arrangement as the result of the stacking of BTA monomers into supramolecular helices. As
13



the maximal CD intensity is reached under these conditions, it means that an efficient transfer of
chirality occurs between the stereogenic centre located in the side chains and the main chain helicity
of the stacks. Further studies established that stacks of 1 are preferentially right handed®® and that
their structure in solution are similar to the one established in the crystalline state for a related BTA
molecule.?” Upon increasing the temperature to 90°C, the Cotton effect disappears and the intensity
of the main absorption band of UV-Vis spectrum increases, which indicates the disaggregation of the
supramolecular helices.?® In BTA 1, the three amide functions are connected to alkyl groups (alkyl
BTAs). Meijer, Palmans and coworkers reported how subtle modification in the nature of the alkyl

side chain modifies the extent of cooperativity, the chiral nature and the stability of BTA
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Figure 7 Chemical structure of (a) enantiopure BTA 1 and its CD and UV spectra at 10 °C
(solid line) and 90 °C (dashed line) in heptane (6.5*10° M) (b) BTA 2 and its triple-helical hydrogen
bonding network. Each O, C, N(H)-O helical strand is a different shade of grey. Hydrogen atoms
and methoxyalkyl side-arms omitted for clarity.(c) Helical packing of BTA 2 in the stacks.?

In addition to alkyl BTAs, BTAs derived from a-amino esters (ester BTAS) is another kind
of BTA molecules with good accessibility. Different kinds of chiral pendant groups can be
incorporated in the a-position of the amide functions. Moreover, ester BTAs show unusual self-
assembly properties in apolar solvents, since the nature of the pendant groups and the concentration
determine the nature of predominant assemblies: stacks or ester-bonded dimers. The former structure
is similar to the one formed by alkyl BTA i.e. the hydrogen bond network involves the amide
moieties only (Figure 7). The latter species has been evidenced and characterized by several
analytical techniques including a structural determination in the crystalline state by X-ray diffraction
(case of BTA (S)-Cha'™", Figure 8a). In this Ds-symmetrical dimer, the N-H protons are bonded to

the ester C=0, not to the amide C=0. Our group has precisely probed the competition between
14



dimers and stacks and determined the pseudo-phase diagrams of a set of ester BTAs in cyclohexane
(Figure 8b).*

()

R(? 3
{ N
o~ N OCy2Hzs

0012”25 0/ N

; H R g
%12"'25

—In
OCyzHas helical stack
ester-bonded dimer

Figure 8 (a) Chemical structure of BTA(S)-Cha™™ molecules and its X-ray crystal structure
(BTA(S)-Cha™+0.25CH;CN+0.5H,0). H atoms (except HIN, H6N, H6 and H51) and solvent
molecules are omitted for clarity. Ellipsoids are represented at the 30% probability level®; (b) the

equilibrium between helical stacks and ester-bonded dimers for ester BTA.*

One interesting feature of this class of monomers is that their assembly properties can be
controlled by the stereochemistry. The heterochiral monomer of the BTA derived from valine (BTA
(S,S,R)-Val, Figure 9a) as well as a racemic mixture of monomers derived from (rac)-Valine form
long rods in cyclohexane, while the homochiral analogue BTA (S)-Val assembles only into dimers
at the same concentration as demonstrated notably by FTIR analyses (Figure 9b)*® This is related to
the stronger destabilization of the dimeric structure, compared to the helical structure, upon
incorporation of stereogenic centres of opposite configuration in the same monomer. Another
important feature is the possibility to form co-assemblies by mixing ester BTAs and alkyl BTAs.3*
Notably, as a consequence of the different spectroscopic signature of their relative assemblies, it is

possible to quantity the amount of ester BT As incorporated into stacks of alkyl BTAs.
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Figure 9 (a) Chemical structure of BTA-Val molecules and (b) their FT-IR spectra. BTA(rac)-Val
was obtained by synthesis with racemic valine and consists of a mixture of BTA(S,S,R)-Val
(37.5%), BTA(R,R,S)-Val (37.5%), BTA(S)-Val (12.5%) and BTA(R)-Val (12.5%).*

1.3 Preparation of homochiral helices

1.3.a. Different strategies

Different strategies have been utilized to construct homochiral helices, i.e. helices with a
single handedness, and most of these strategies are common to covalent and supramolecular helices
mentioned in the previous part. While chiral physical stimuli (CPL, vortices) or solvents have been
sporadically used to induce a preferred handedness to molecular helices,*® most examples rely on
chemical agents. The simplest strategy is to build helices with chiral units only. Here, the chiral
information, most often under of the form of stereogenic centres, is embedded either in the core or at
the periphery of the monomer (method A, Figure 10). However, one specificity of molecular helices
stems from the possibility of reducing the chirality input without lowering the optical purity of the
helices thanks to chirality amplification phenomena. Chiral amplification refers to the control of the
main chain helicity of the macro/supramolecule by means of cooperative (minute) conformational
biases induced by the monomers.3’=® These phenomena might arise when a new element of chirality
is created upon the polymerization or assembly of monomers, as it happens when molecular helices
forms. In the 80s-90s, Green and co-workers intensively investigated the occurrence of such effects
for covalent poly(isocyanate)s,®’ i.e. polymers whose main chain adopts a stable but dynamic helical
conformation in solution.®**! Since then, it was demonstrated that single-handed helices can be
obtained not only from homopolymers of enantiopure monomers but also from copolymers
consisting of a mixture of enantiopure (“sergeants”) and achiral (“soldiers”) monomers. The so-

called “sergeants-and-soldiers” (S&S) effect *2 arises when a minor amount of sergeants is able to
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control the local conformation of an excess of soldiers that cannot escape this influence except
through rarely occurring helix reversals (method B, Figure 10). The same explanation is also valid
for a non-racemic (i.e. scalemic) mixture of enantiomeric monomers in which the major enantiomer
controls the main helicity of the polymer and accordingly such effect is named as “majority-rules”
(MR) (method C, Figure 10).** Combining the sergeants-and-soldiers and majority-rules effects is
possible in the case of terpolymers composed of achiral monomers and a scalemic mixture of
monomers (diluted MR) (“diluted majority-rules”, method D, Figure 10). The main chain helicity of

1213 and poly(quinoxaline-2,3-diyl)s** can also be

polymers such poly(triphenymethyl methacrylate)s
controlled during the polymerization process. Indeed, asymmetric polymerization occurs when the
local conformation of many achiral monomers can be imposed by a single chiral inducer or catalyst
(method E, Figure 10). Finally, chiral additives, which are not units of the polymer chain, can be
used to lock the handedness of the helix, which can also eventually be kinetically memorized after
their removal (method F, Figure 10).* Whilst helix sense-selective reactions have been restricted to
a few classes of covalent polymers,* chirality amplification through the S&S, MR and diluted MR
effects have also been observed in self-assemblies, particularly in supramolecular polymers adopting

a helical structure.** 4
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covalent or a non-covalent backbone.
b. Specific case of benzene-1,3,5-tricarboxamide (BTA) helical assemblies

It has been reported that homochiral helices can be constructed from BTA monomers by
means of different strategies (methods A, B, C and D). By embedding stereogenic centres in the side
chains of alkyl-?® and ester-BTAs,* helical stacks with a preferred handedness are formed at room
temperature in apolar solvents. Taking advantage of the remarkable chirality amplification properties
of BTA system, S&S, MR and diluted MR effects have been utilized for the construction of
homochiral BTA helices. In 1997, Meijer, Palmans and co-workers reported for the first time that the
S&S principle is operative in dynamic helical stacks using BiPy-BTAa (sergeants) and achiral BiPy-
BTAb (soldiers) (Figure 11).*® 2.5% of BiPy-BTAa sergeants are enough to control the helicity of
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the co-assembly. Then by modifying the side chains of BiPy-BTA, a mixture of chiral BiPy-BTAc
and achiral BiPy-BTAd shows even higher chirality amplification effect in n-butanol, since
maximum helicity was obtained with 1% of sergeant. By fitting the raw data by a model derived by
Havinga, the authors found that one BiPy-BTAc is sufficient to control the chirality of 400 BiPy-
BTAd monomers.”® C,-symmetrical BTA derivatives bearing only one chiral side chain also
efficiently impose their helical bias to achiral rods.”® The influence of the chemical structure of the
monomers on the chirality amplification properties of a set of BTA has been precisely probed
(Figure 12a). BTA 3 and 5 with a stereogenic group at the o and y positions of the amide functions
exhibit a stronger S&S effect than BTA 4 which bears a stereogenic centre at the 3 position (Figure
12b). An odd-even effect was also observed for the MR principle but this time BTA 4 shows
stronger chirality amplification properties than BTA 3 and BTA 5 (Figure 12c). This reflects the
dichotomy between the SS and the MR effect which is also illustrated by their different response to
temperature change: the SS effect is lowered and the MR is enhanced upon increasing the
temperature. Chirality amplification properties on BTA and other supramolecular systems are
quantified by different models.®*%® In the van Gestel model,*"> the extent of chirality amplification
is assessed by two energy penalties: the mismatch penalty (MMP) corresponds to the energetic cost
of incorporation of the chiral monomer in columns with non-preferred helicity whilst the helix
reversal penalty (HRP) corresponds to the penalty of introducing a helix inversion between columnar
sections. The latter parameter strongly relies on the rigidity of the helical arrangement and will thus
be rather constant for the same type of helical assemblies. The former parameter will strongly
depend on the chemical structure of the monomers (nature and number of stereogenic centres) and
the experimental conditions (concentration, temperature). The above experiments infer that the
MMP value for achieving optimal chirality amplification properties is not identical for the SS and
MR effects.
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Il Asymmetric catalysis with helical scaffolds

Asymmetric homogenous catalysis is the ubiquitous method for the preparation of optically
active compounds. This is because in this process a catalytic amount of a well-designed chiral non-
racemic species is able to assemble prochiral/achiral reagents and generate multiple copies of a
chiral molecule, preferentially in the form of a single enantiomer. Since major breakthroughs
achieved in the early 1970s, great effort has been devoted to the development first of enantiopure

ligands and organometallic catalysts>>>®

60-62

and later of chiral organocatalysts for a plethora of reactions

and compounds™ ™, many of them being of industrial interest.

11.1 Advantages of the helical scaffold

As one kind of chiral structures, helices with preferred handedness show potential in a variety
of chirality-based applications such as chiral sensing, chiral electronic, chiral separation and more
recently asymmetric catalysis.’® As can be seen in Figure 13, helices possessing catalytic properties
can be divided into three classes: (i) helices bearing intrinsically chiral catalytic groups (class A),
(i) helices bearing intrinsically achiral catalytic groups but composed of chiral monomers only
(class B); and (iii) helices bearing achiral catalytically active monomers and integrating catalytically
inactive monomers as chiral inducers/amplifiers (class C). The last class encompasses helical
catalysts for which the handedness is controlled by an asymmetric polymerization reaction (C1), the
S&S effect (C2), the diluted MR effect (C3) or chiral additives (C4).

Compared to other catalytic scaffolds, helices have several features. Firstly, the helical
architectures can be fabricated precisely from small building blocks, which enables fine modulation
of the catalytic performance by modifying the structure and, potentially, the position of the
monomers. Secondly, the chiral microenvironment provided by the helical scaffold'® offers an
additional possibility for selectivity control.%® Thirdly, chirality amplification phenomena have been
observed in different helical structures, and it is quite appealing to apply this property for the
construction of a new class of asymmetric catalysts. Indeed, lower amount or optical purity of chiral
units can be used which could decrease the cost of the catalytic process.®* Fourthly, the dynamic
property of a certain kind of helices may render the respective catalyst stimulus-responsive which
can also be useful to design switchable catalytic systems.®® Catalytic helices built on supramolecular
polymers exhibit additional advantages: (1) The construction of supramolecular polymer helices is
more convenient than covalent ones, since they can be prepared by simply mixing desired monomers
in solution, thus avoiding tedious synthesis procedures and facilitating catalyst optimization.
Moreover it is possible to manipulate some structural properties of the helices such as composition,
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length and helicity by modifying the structure of the monomers. (2) The non-covalent backbone of
supramolecular polymer enables the fast dynamics of helices which can make the respective catalyst
highly sensitive to environment (temperature, solvent, co-monomer, etc.), which is beneficial for the

design of a new class of switchable catalysts.
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Figure 13 Different classes of catalytic helices.
11.2 Examples of helical catalysts composed of chiral units only (classes A and B)

11.2.a DNA-based hybrids as helical catalysts (class B)

By mimicking enzyme catalysis, biomolecular hybrids have been developed aiming to
combine the catalytic ability of transition metals with inherent chirality of biopolymers. One key
feature of bio-hybrid catalysis is that the metal center and the biomolecular scaffold could be finely
tuned by chemical and genetic methods independently.®® In parallel to the flourishing field of
metalloenzymes, helical structures formed by double-helical DNA have attracted huge interest in the
field of asymmetric catalysis. In 2005, Feringa and Roelfes first reported the utilization of a DNA-

based hybrid catalyst in a copper-catalysed Diels-Alder reaction.®’

As show in Figure 14, there are two strategies, supramolecular and covalent, for anchoring of

transition metal complexes to the DNA scaffold. For non-covalent anchoring methods, aromatic
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ligands intercalate within the base pairs by means of hydrophobic, -7 stacking, electrostatic and/or
hydrogen bonding interactions. In contrast, covalent connection is achieved by nucleotide synthesis
or post-functionalization of a DNA strand. Both approaches have their advantages and limitations.
For the former one, the anchoring could form in an easy and convenient way, however, the
intercalation can occur at different sites and thus different catalytic sites might be present along the
DNA scaffold. For the latter one, a better control of the catalyst structure could be achieved but at
the cost of tedious synthetic procedures. Some examples of both strategies are shown in Figure 15. It
should be mentioned here that as flexible linkers are used between the metal centre and the chiral
units of the DNA, the overall catalytic sites can be considered as intrinsically achiral. The chirality is
transferred upon incorporation of these sites within the scaffold of the macromolecule (composed of
chiral nucleobases only) and so the respective systems belong to the class B of our classification of

helical catalysts.

A
( ‘,M + Sebrassanily Prochiral substrate
- Chiral product

B Nucleotides synthesis

V' A 3 v
‘ ey - Prochiral substrate
Hybridisation M
/ . @ Chiral product

Postsynthetic modification

Figure 14 Supramolecular (A) and covalent (B) anchoring strategies for construction of DNA-based

asymmetric catalysts.®®
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Figure 15 Examples of supramolecular (A, B) and covalent (C,D) DNA-based hybrid catalysts®

Even though different metals have been tested, including Pd and Ir, the DNA-Cu hybrids
have been the most intensively investigated, providing good reactivity and selectivity in a range of
catalytic reactions. These different reactions could be divided into carbon-carbon and carbon-
heteroatom bond forming reactions. As can be seen in Figure 16, the power of DNA hybrid catalysis
has been demonstrated in different C-C bond formation reactions, such as Dies-Alder reaction,
Michael addition and Friedel-Crafts alkylation (> 80% e.e.). In all cases, the catalyst loading can be
hugely decreased, for example, only 0.3 mol% catalysts is needed for Friedel-Crafts alkylations. The
creation of carbon-heteroatom bond by DNA hybrids has also been developed. For example, Toru
and co-workers have successfully performed the electrophilic-fluorination of aromatic compounds
with good selectivity (74% e.e.) (Figure 17).% Feringa group has reported the enantioselective syn
hydration of enones in aqueous environment using DNA-based catalyst. 82% e.e. was obtained for
the chiral g-hydroxy ketone product.*® All precedent examples benefit from the Lewis acid properties
of Cu" for the activation of the substrates. Organometallic catalysis will considerably extend the
scope of reactions and products supplied by DNA hybrids. Towards that direction, the Jaschke group
has successfully exploited DNA-conjugated iridium (Ir) complex for the allylic amination of racemic
allylic acetate in aqueous medium. The DNA-based ligand is a diene which forms a highly active
and stable catalyst with Ir, as demonstrated by the high turnover number (4600), but provides only

modest enantioselectivity (28% e.e.).
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DNA plays different roles in the catalytic reactions. As already mentioned, DNA helices
provide the chiral environment required for the chiral enantioinduction. Chirality information is
transferred to the micro-environment of catalytic centers through different DNA-binding modes
(e.g., groove binding and intercalation between base pairs). dNTP, i.e. a mixture of the four
deoxyribonucleotides, and short single strand DNA provided low selectivity. Longer non-
complementary single strand DNA (10 bases) gave higher selectivity but still lower than the one
observed for DNA:DNA duplexes.” Moreover it was reported that the reaction selectivity of DNA
duplexes decreases when their length is reduced from a dodecamer to an octamer.”* Moreover, it has
been found that DNA sequence is a crucial parameter in the catalytic system. The oligonucleotides
with sequences d(TCAGGGCCCTGA), afford highest enantioselectivity for the intermolecular
Friedel-Crafts reactions. One another interesting question is whether the presence of DNA influences
the activity. Kinetic studies of different systems have been undertaken to gain insight into impact of
DNA on the reaction kinetics. Both deceleration and acceleration of the catalytic rate has been
observed upon binding of the metal catalyst by the DNA scaffold.®® Surprisingly, Roelfes group
reported 700- to 900-fold rate acceleration of Friedel-Crafts alkylation/enantioselective protonation
reaction caused by DNA scaffold.”? One possible explanation is the stabilization of the transition
state by means of non-covalent interactions between the metal complex and the environing

nucleotides in the duplex.
11.2.b Helical catalysts built on covalent polymers (class A)

Different kinds of helical polymers could serve as scaffold for asymmetric catalysis and in
this section we will mention specifically the ones embedding intrinsically chiral catalytic groups.”
The chiral catalyst is located at the periphery of the helical macromolecule or incorporated into the
main chain of the polymer backbone. For example, helical polyacetylenes bearing chiral primary
amines or oligo-alanine pendant groups were used as organocatalysts for asymmetric aldol
reactions’® and epoxidation reactions,” respectively. Yashima and co-workers synthesized
poly(phenylacetylene)s bearing optically pure amino-functionalized cinchona alkaloid pendant
groups connected to the phenyl rings through an amide linkage (poly-AQn, Figure 18). High
enantioselectivity (94% e.e.) was achieved for the Henry reaction between various benzaldehydes
and nitromethane by means of this polymeric organocatalyst. Moreover it is important to note that
the selectivity provided by the helical catalyst was remarkably higher than that of the nonhelical one
(18% e.e.), the latter being obtained upon grinding the polymer before use. Moreover, the chiral
monomeric counterpart (M-AQn, Figure 18) also provided a lower selectivity (28% e.e.). This
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demonstrates a synergistic effect between the chiral catalytic sites (the cinchona alkaloid moiety)

and the chiral environment provided by the helical backbone.
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Figure 18 (a) Synthetic scheme for the preparation of helical poly-AQn; (b) Catalytic results
obtained in the Henry reaction between 4-nitrobenzaldehyde and nitromethane.®

As an example of polymers with main chain chiral catalytic centers, Pu and coworkers have
synthesized poly-(binaphthol), in which binaphthol units are enantiomerically pure, and which upon
coordination of metal centres provided efficient catalysts for a range of reactions.”®”" It was
demonstrated that poly-(binaphthol) adopted a stable helical configuration but despite the chirality of
the binaphthol units, the respective complexes exhibited no enantioselectivity. A great achievement
was made by incorporating achiral spacers at the 6,6’-position or 3,3’-position of the polybinaphthol
since not only great activity but also great level of enantioselectivity were obtained with these helical
catalysts (see one example in Figure 19). In comparison with monomeric models, a better selectivity
was obtained with the helical catalyst which again suggests a synergistic effect between the helical

backbone and the chiral catalytic sites.”®"
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(b)

Ph-CHO + ZnEt, ——— Ph QI—I!I 100% conversion

e.e. 92.2%
Et
Figure 19 (a) Helical catalyst consisting of enantiomerically pure (binaphthol)s linked by an
aromatic ring bearing long alkyl groups. ; (b) asymmetric addition of diethylzinc to aldehydes with

the poly-(binaphthol) catalyst shown in (a) °
11.2.c Helical catalysts built on supramolecular polymers (classes A and B)

Supramolecular polymer helices could also catalyze some asymmetric reactions when
functionalized with catalytic centers. Meijer, Palmans and co-workers synthesized a series of BTA
monomers decorated with an enantiopure (R) or (S)-proline moiety and various alkyl amide side
chains and evaluated the resulting assemblies in the aldol reaction between p-nitrobenzaldehyde and
cyclohexanone in water (Figure 20).%° After a temperature treatment, the helical catalyst formed
upon self-assembly of the BTA monomers bearing one (S) proline unit and two (S)-stereogenic
centres in the side chain, (S)-BTA-_-Pro (Figure 20), provided the best catalytic performance (99%
conversion, TOF> 11.4 x10™ s, deani = 90%, eeani = 99%). As expected, its enantiomer, (R)-BTA-
o-Pro, provided the aldol product with opposite configuration and similar enantioselectivity. (R)-
BTA-_-Pro, with a mismatched configuration between the amide side chains and the proline units,
and (S)-MeBTA-_-Pro, with methylated amide functions, displayed significant enantioselectivity
for the same reaction but significantly lower activity and diastereoselectivity. It infers that the best
catalytic system is achieved by a synergistic effect between the ponctual chirality of the proline
catalytic sites and the supramolecular chirality of the helices. (S)-BTA-_-Pro indeed forms very
stiff, long fibres after thermal treatment of its aqueous solution as demonstrated by cryo-TEM
measurements. Subsequently, a more soluble BTA monomer was designed in which the alkyl amide
side chains have been replaced by amphiphilic side chains composed of a terminal tetra(ethylene
oxide) group. Catalytic assemblies are formed directly upon dissolution of this monomer in pure

water and no thermal treatment is needed to achieve catalytic performance similar to that obtained
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with (S)-BTA-_-Pro. Moreover, the addition of a proline-free BTA monomer allows to decrease the
catalytic loading up to 1 mol% without eroding the selectivity.®
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Figure 20(a) Chemical structures of BTA monomers functionalized with proline as catalytically
active sites and (b) their catalytic results in the aldol reaction between 4-nitrobenzaldehyde and

cyclohexanone.®

Our group has developed chiral BTA ligands with diphenylphosphino catalytic group and
remote enantiopure 1-methylheptyl side chains (Figure 21). Good enantioselectivity (82% e.e.) was
achieved with the BTA ligand, "BTA”"%(S),(S), in the rhodium-catalyzed asymmetric
hydrogenation of dimethyl itaconate when the reaction was performed in hexane. By inverting the
configuration of side chains, i.e. with "BTAPP"*(R),(R), the product with similar optical purity but
opposite configuration was obtained. The fact that the rhodium atom and the chiral center(s) are
separated by more than 12 covalent bonds discards a direct influence of the stereogenic centres on
the selectivity outcome. Indeed, several control experiments and spectroscopic analyses
demonstrated that the enantioselectivity arises from the formation of chiral helical polymers by self-
association of the BTA monomers through noncovalent interactions. Performing the reaction with
MEBTAPPN2(S) (S), which has the same enantiopure side chains than "BTAPP"(S),(S), vields no
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selectivity since this ligand is unable to form assemblies as the result of the alkylation of two over
three of its amide functions. Mixing "BTAP""4(S),(S) with a phosphine-free chiral BTA ("BTA(S))
enhances the selectivity from 82% e.e. to 88% e.e. and a control experiment confirms that it is
related to the formation of a co-assembly between these two monomers (Figure 21).%2 This result
illustrates the possibility of tuning the selectivity of the reaction by simply mixing different types of
complementary monomers. Further exploitation of the same platform for the design of sergeants-

and-soldiers and majority-rules type catalysts is presented in 11.3b.
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Figure 21 (a) Chemical structures of chiral BTA ligands and (b) their catalytic results in the
rhodium-catalyzed asymmetric hydrogenation of dimethy! itaconate.®?

The group of M. Liu group has developed a series of metal-coordinated nanotubes (M-HN)
by coordinating metal centres to tubular self-assemblies formed by an | -glutamic acid terminated
bolaamphiphile in water. The metal on the surface serves as a catalytic site, and thanks to the
synergetic effect of the aligned multicatalytic sites, high reactivities and enantioselectivities were
realized for different catalytic reactions. Like the BTA example mentioned above, the selectivity of
the reaction and the configuration of the product are related to the optical purity and handedness of
the M-HN, respectively. Bi(I11)-HN proved to be very efficient for the asymmetric Mukaiyama
aldol reaction (up to 97% e.e.) while up to 91% e.e. within 60 min was achieved in the asymmetric

Diels—Alder reaction performed with Cu(I1)-HN (Figure 22).3%4
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Figure 22 (a) Schematic representation of nanotube formation procedure: the bolaamphiphile
terminated with | -glutamic acids was self-assembled through gelation first, which provided a larger
amount of single-walled nanotubes. Subsequently, such nanotubes were dispersed into aqueous
solutions containing various metal ions, yielding metal-functionalized helical nanotubes; (b)
asymmetric Mukaiyama aldol reaction catalyzed by Bi(lll1)-HN; (c¢) asymmetric Diels—Alder

reaction catalyzed by Cu(ll)-HN.
11.3 Chirally-amplified helical catalysts (class C)

Alongside with optimizing reaction parameters (e.g. catalytic loading and selectivity),
minimizing the cost of a catalytic process is desirable for practical applications. Along this line,
harnessing asymmetric processes that get rid of or minimize the need of an enantiopure chemical

species is currently under exploration by means of a variety of physical and chemical approaches.®*
86

In the context of catalytic science, the term asymmetric amplification®” almost exclusively
refers to reactions whose enantioselectivity is higher than the one calculated by considering only the
optical purity of the catalyst.®®® In other words, the apparent optical purity of the ligand or
organocatalyst™ is enhanced during the enantiodiscriminating step. Strong positive non-linear effects
(NLE) are observed when a mixture of enantiopure ligands that is only slightly biased from the
racemic mixture yields an enantioenriched product. The study of NLE emerged as a powerful
mechanistic tool to probe the nature of the active species, mainly in the context of asymmetric
organometallic reactions.®? Alternatively, chiral non-racemic additives are commonly employed to

perform asymmetric reaction with otherwise racemic catalysts.®%* As an extreme case of
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asymmetric amplification, the Soai reaction produces a highly enantioenriched pyrimidyl alkanol
from addition of diisopropylzinc to the respective aldehyde in presence of a nearly racemic seed or
of various chiral environments.** The formation of tetramer or higher oligomer structures might
explain the incredibly high level of amplification observed in this reaction®” and in related
autocatalytic (or autoinductive) asymmetric processes.*

In the conclusion of his seminal review on chirality amplification in macromolecules in
1999,*" M. Green questioned whether it can be envisaged to “design a catalytic helical polymer
directed to asymmetric synthesis in which the enantiomeric excess of the products were independent,
over a wide range, of the enantiomeric excess of the units making up the polymer?”. Herein, we will
show that indeed, a range of helical covalent and supramolecular catalytic polymers'® have been
developed which deliver optically-active products with a selectivity that is, in a certain range, neither
related to optical purity of the monomers nor to the number of chiral units constituting the helix. The
necessary condition for such an achievement is that intrinsically achiral catalytically-active
monomers, instead of chiral non-racemic catalysts in the case of NLE, are embedded in a helical
macromolecule. The following section will thus comprehensively cover helical catalysts built on a
chirally-amplified scaffold, i.e. those classified as C in Figure 13. Examples illustrating these criteria
will be sorted firstly according to the covalent or non-covalent nature of their scaffolds, secondly by
the method (C1-C4) implemented to control the handedness of the helix and finally by the chemical

nature of the macromolecule (see the used nomenclature in Figure 23).

poly-Mxx¥Y
M: nature of the polymer: MA = methacrylate, DI = diisocyanide, IC = isocyanate,
PA = phenylacetylene, Pl = phenylisocyanide, BTA = benzene-1,3,5-tricarboxamide
xx: monomer type: PPh2 = phosphine-functionalized monomer, N = nitrogen-

functionalized monomer, ¢ = chiral non-racemic non-catalytically active monomer, ac = achiral
non-catalytically active monomer

yy: average number of monomers in the macromolecule

for copolymers: -co- = statistical copolymers, -block- = block copolymers

Figure 23 Nomenclature used in this section for the different types of chirally-amplified helical

catalysts
11.3.a Chirally-amplified covalent polymer catalysts
Through asymmetric polymerization (C1)

Reggelin and co-workers investigated in 2002 the possibility of using polymethacrylates

(poly-(MA)s) as scaffolds for asymmetric reactions. MA monomers with pyridine rings were

32



polymerized with a mixture of DPEDA/(+)-PMP/n-BulL.i yielding poly-(MA)s which were optically
active even though they were initiated by the achiral DPEDA moiety (Figure 24).'°**% Upon mixing
with a Pd precursor, these helical polymers catalyzed an allylic substitution reaction with good
activity but modest enantioselectivity.’®* The most efficient catalyst of this series was obtained by
copolymerization of MAN and TrMA. The 1:1 copolymer, poly-(MAN®-co-TrMA®), yielded the
product of the substitution reaction with 60% e.e..'® These seminal studies demonstrated that, in the
ideal case, multiple homochiral catalytic sites might be generated from one chiral inducer thus
amplifying the number of chiral catalytic units. However, the limited conformational stability and
the difficult functionalization of the poly-(MA) backbone seriously limited the scope and efficiency

of this class of polymer catalysts.'% %

DPEDA
‘é {z +) PMP
toluene 78 C DPEDA g S no

poly-(MAN®5-co-TrMA3?)

b)
OCOCH3  gy1. co0CHY), CH(COOCH,),

/\/g\ /\)\ poly-MA ligand ‘ yield (%)\ e.e. (%)

Ph Ph  [Pd(*-CsHs)Cllsl 25 moi% P “"Ph poly-(MAN235-co-TrMA3°)‘ 99 ‘ 60 (R)
poly-MA ligand, 0°C

Figure 24 Asymmetric Pd-catalyzed allylic substitution reaction with a catalytic helical poly-
(MA).1?2 3) Synthetic scheme for the preparation of a catalytic poly-(MA) by asymmetric
polymerization and its formula. b) Result obtained in the allylic substitution reaction. The

handedness of the helical catalyst has not been determined.
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Figure 25 Chemical structures of the chiral initiator and the DI monomers used to prepare the PQX

ligands mentioned throughout part 11.3.a.

33



b
a) ) ?lch
+ HSiCl; ————» |
RorR* [{Pd(p*-C3Hs)Cl)Z]
1 \ | \ PQX ligands

(Ror R N Y5y 1] 5] [RorR* f PQX ligand | ee. (%)
RorR* 2 NN 7 "PPh,\RorR" X A \J 7 “PPh, = - - =
ANES ‘ NTA N | (Init.*)-poly-(Dlac1'*-block-DIPPh,'-block- Dlac1'?) | 85 (S)
T RorR* | poly~(DIPPh2%°-co-DIc1°%) 97 (S)
) . | |
LN NT Y R o:r S NAN T /m <)
[RorR* Y T 1\ m (RorR*
( |
Ror R* J IR . 1)
\ or R ? N
I nit* [
RorR*
PQX ligands prepared PQX ligands prepared

by asymmetric polymerization by achiral polymerization
(S&S-type PQX ligands)

Figure 26 Asymmetric palladium-catalysed hydrosilylation of styrene with PQX ligands.'*% a)

General formula of the PQX ligands (see the chemical structures of all monomers in Fig.19). b)
Result obtained in the hydrosilylation reaction. c) Proposed stereochemical model for the transfer of
chirality (central to helical to axial) in PQX ligands.

In 2009, building on well-established procedures for the helix-sense selective and living

polymerization of diisocyanide (DI) monomers, Suginome and co-workers** 1%

reported on the co-
polymerization of the phosphine-functionalized monomer DIPPh, and non-functionalized monomer
Dlacl in the presence of a chiral organopalladium initiator, Init.*Pd(PPhMe,)I (Figures 25a and
26a).1** Poly(quinoxaline-2,3-diyl) (PQX) block copolymers of the type (Init.*)-poly-(Dlacl-block-
DIPPhy-block-Dlacl) were prepared which differed by the number of units of the different blocks.
In spite of the presence of a single chiral unit located at the extremity of the polymer chain, the
resulting copolymers exhibited a stable helical conformation (at r.t.) and a preferred handedness as
quantified by a screw-sense excess’®’ superior to 90%. Copolymers with a single phosphine unit
surrounded by two Dlacl blocks provided the best result in the presence of a palladium precursor for
the hydrosilylation of styrene (Figure 26b) and styrene derivatives (up to 98% yield and 87% e.e.).
The stereochemical direction of the catalytic reaction is fully controlled by the handedness of the
polymers as demonstrated by similar selectivity but opposite configuration of the products obtained
by (P)- and (M)-PQXs. These results were remarkable both in terms of the level of enantioinduction
achieved in an asymmetric reaction with helical polymers and the extent of chirality amplification
since a single chiral group was enough to control the chiral conformation of 21 achiral units
including one that was catalytically active. The high enantiodiscrimination ability of this family of
PQX ligands had been attributed to efficient chirality transfer between the helical polymer main

chain and the axis of chirality supporting the PPh, group (Figure 26c).*% 1%
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Polymers with high molecular weights are required not only for facilitating their recycling
and reusability but also for exalting their chiral amplification properties. However, chiral initiators
usually fail to control the handedness of long polymer chains and even for the relatively short ones,
the helical induction might not be optimal. For instance, a 1000 mer-based random copolymer of
DIPPh, and Dlacl, (Init.*)-poly-(DIPPh,*-co-Dlac1®™°), which only had the chiral terminal group

as a source of screw-sense induction was a poorly selective ligand.'®

A more suitable strategy to
generate high-molecular-weight and single-handed PQX ligands relies on mixing achiral and chiral

monomers, through the sergeants-and-soldiers approach.
Through the S&S and dilute MR effects (C2 and C3)

Living polymerization reactions between achiral catalytically active monomers (the soldiers)
and chiral non-racemic catalytically inactive monomers (the sergeants) constitute a facile and easily
tunable method for the preparation of dynamic helical catalysts. One important challenge in this
strategy is to maintain a good level of enantioinduction because any achiral catalysts that will not be
located in the chiral environment provided by the helical polymer scaffold will significantly decrease
the selectivity of the reaction. Seminal studies on the induction of a stable and single helical
configuration by means of a few percent of sergeants traced back to 1989.** However, it is only
recently that efficient sergeants-and-soldiers (S&S) type helical polymers for asymmetric catalysis

had been disclosed in the literature.

a)

NHAc [Rh(cod),]OTf 1mol% NHAc
H, (1 atm), r.t.

0 o b)
NCO  NCO COOH COOH
J) NC‘PJ\N;m/HKN}/m PN — > P
n

Ph,P

'BH3 *Ph,P ligand yield (%) | e.e. (%)
*78% free P m=38 poly-(ICPPh,3¥-co-ICc?%) | >99 15 (S)
22% P-BH3 n=23
ICc ICPPh, poly-(ICPPh,%-co-ICc?3)

Figure 27 Asymmetric rhodium-catalysed hydrogenation catalyzed by a S&S-type helical poly-
(1C)s.1%% a) Chemical structure of the IC monomers and of the polyisocyanate ligand. b) Result

obtained in the hydrogenation reaction.

Green and co-workers demonstrated that 15% of a chiral non-racemic isocyanate monomer
(ICc, sergeant) was enough to get single handed polyisocyanate when co-polymerized with an
achiral isocyanate monomer (soldier).* In 2004, Reggelin and co-workers attempted to design a
catalytic version of these S&S-type polymers by mixing ICc with a phosphine-functionalized

monomer (ICPPh,, Figure 27). When coordinated to rhodium, polymer poly-(ICPPh2*¢-co-1Cc%)
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proved to catalyze the hydrogenation of N-acetamidocinnamic acid efficiently (conversion>99%) but
with low enantioselectivity (15% e.e.).%?
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= o
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12 (endo, 2R)
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catalyst
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14 | 35

Figure 28 Asymmetric Diels-Alder reaction catalysed by S&S-type helical poly-(PA)s.)® a)

Chemical structure of the PA monomers and of the polyacetylene catalyst. b) Result obtained in the

Diels-Alder reaction. The handedness of the helical catalyst has not been determined.

More recently, Yashima and co-workers prepared a range of helical poly(phenylacetylene)s,
poly-(PA)s, composed of chiral and achiral PA monomers endowed with different imidazolinone
side chains.'® The achiral monomer contained a basic secondary amine which is known to activate
carbonyl compounds while the chiral monomer embedded a cyclic tertiary amide moiety and was
thus catalytically inactive. After screening the influence of the structure of a range of monomers on
the rate and selectivity of a Diels-Alder reaction of reference, they established that the random
copolymers incorporating achiral PAN and chiral non-racemic PAc monomers provided the best
enantioselectivity (Figure 28). Poly-(PAN*-co-PAc>*®) with 95% of PAc furnished the Diels-Alder
adduct with unusual exo selectivity (exo/endo=3.5) and modest enantioselectivities (32% e.e. and
12% e.e. for exo and endo products, respectively). The non-helical version of this copolymer,
obtained upon isomerization of the PA backbone upon grinding, was almost non-selective which
demonstrated that the macromolecular helicity (not the chiral side chains) dictated the selectivity
outcome of the reaction. Lowering the fraction of chiral monomers in the copolymer resulted in a
non-linear decrease of the enantioselectivity, yet the highest enantioselectivity was obtained for the

copolymer containing 95% of chiral monomers.
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Figure 29 Asymmetric palladium-catalysed hydrosilylation of styrene with PQX ligands derived
from (—)-menthol.™® a) Structure of the PQX ligands. b) Result obtained in the hydrosilylation

reaction.

Far higher degree of enantioselection has been reported with sergeants-and-soldiers type
PQXs ligands. A 1000 mer-based PQX ligand obtained by polymerization of DIPPh2 (5%) and Dlcl
(95%) with an achiral organonickel initiator furnished the hydrosilylation product with 97% e.e.
(Figure 26b).2% A related PQX ligand with only 5% of DIcl was still significantly selective (70%
e.e.). This demonstrated a good control of the handedness of the helix by a small fraction of
sergeants in these S&S-type PQX ligands. Co-polymers of the type poly-(DIPPh2*°-co-DIc1%?), i.e.
with 95% of chiral units and 5% of phosphine-functionalized units, were investigated in different

105, 111

catalytic reactions. In addition to the above-mentioned hydrosilylation reaction, they proved to

be remarkably selective as ligands for palladium-catalyzed asymmetric Suzuki-Miyaura reactions'®
1213 (yp to 98% e.e.) and arylative ring-opening of 1,4-epoxy-1,4-dihydronaphthalene (up to 94%
e.e.).”™ In the silaborative cleavage of meso-methylenecyclopropanes’™ (up to 97% e.e.), these
PQXs ligands provided comparable or higher selectivities than known discrete chiral ligands.
Changing the nature of the catalytically active monomer to a nitrogen-containing unit extended the
scope of these PQX catalysts towards other asymmetric metal-catalyzed reactions™® or

organocatalytic reactions.’

The influence of the chemical nature of sergeants on the optical purity of the resulting PQXs
has been precisely probed with the aim of intensifying the extent of chirality amplification and the
dynamic nature of PQX ligands.'*® Notably, improved levels of chirality amplification were

reported for DI sergeants having a (—)-menthol moiety located at the 6- and 7-positions (DIc2) or at
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the 5- and 8-positions (DIc3) of the quinoxaline ring (Figure 29)."° CD spectroscopy analyses
revealed that polymers incorporating DIc2 or DIc3 adopt opposite handedness even though these
sergeants possess the same chiral moiety. The PQX ligand, poly-(DIPPh2*°-co-Dlacl”’-co
D1c2?%), with only 20% of sergeants units, adopted a pure (P)-helical conformation and provided the
(S) hydrosilylation product with 95% e.e. Consistently with the CD data, the (R)-hydrosilylation
product was the main enantiomer when the reaction was conducted with the PQX ligands containing
DIc3 sergeants. Likewise, the enantioselectivity of the hydrosilylation reaction was precisely probed
as a function of the fraction of DIc3 in these PQX ligands. Despite the fact that the helical backbone
required 15% of Dlc3 to adopt an absolute (M)-helical configuration, the selectivity was found to be
maximal (90% e.e.) for 10% of DIc3 and then decreased for PQX ligands having higher ratios of
DIc3. This intriguing effect was attributed to disorder of the helical structure induced by the sergeant

and more precisely by the bulkiness of the chiral groups at the 5- and 8-positions.
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Figure 30 Asymmetric palladium-catalysed hydrosilylation of []-methylstyrene with S&S- (a) and
MR-type (b) PQX ligands.**?° [a] DIc5 is a mixture of the d, I, and meso isomers in a ratio of 38.8
: 15.8 : 45.4, respectively.

Further work revealed that, for the same sergeant, the handedness of PQX helix can be
controlled by its fraction and position in the co-polymer. 100 mer-based random copolymers of Dlc4
and Dlac2 exhibited a single handed (P)-helix with 16%-20% of Dlc4 and a pure (M)-helix with
more than 60% of DIc4.™® Such an abnormal S&S effect'®* occurs when the preference of screw-
sense induction of the sergeant depends on the nature of monomer units (sergeants or soldiers) in its
immediate vicinity. This phenomenon was thus exploited to control the handedness of the PQX

ligand by changing solely the sequence of the sergeants and soldiers. Two PQX ligands were
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prepared which both contained 18% of sergeants but distributed differently along the PQX main
chain (Figure 30). The palladium complexes of the random PQX ligand, poly-(DIPPh,-co-Dlac,*-
co-DIc4%), and of the block PQX ligand, poly-(DIPPh,%-co-Dlc4*-block-Dlac2*'%), furnished the
(S) and (R) hydrosilylation product of methylstyrene, respectively, with the same selectivity (94%
e.e., Figure 30).

Chirality-amplification in PQX ligands was also achieved by means of non-racemic mixtures
of enantiopure sergeants (diluted MR effect). A 1000 mer-based PQX ligand was found to adopt an
almost absolute (P)-helical configuration even though the optical purity of Dicl was as low as 30%
e.e. (biased in favor of the (R,R)-enantiomer, Figure 30).*%® As a result of the chirally-amplified
nature of its scaffold, this PQX ligand promoted the palladium-catalysed hydrosilylation of -
methylstyrene with excellent enantioselectivity (94% e.e.). In addition, a monomer with 2-
octyloxymethyl side chains, DIc5, was prepared from 23% e.e. (R)-2-octanol, a readily available
enantio-enriched mixture of alcohols, and used as a non-optically pure chiral inducer. The resulting
PQX ligand, poly-(DIPPh,-co-DIc5*?) exhibited excellent enantioselectivities in both the
palladium-catalysed hydrosilylation of [1-methylstryrene (94% e.e., Figure 29) and the Suzuki-
Miyaura coupling between dimethoxyphosphinyl-substituted 1-naphthyl bromide and 1-
naphthaleneboronic acid (93% e.e.). These results highlighted the possibility of using a single chiral

source with low e.e. value to generate highly selective helical catalysts.

By addition of chiral additives (C4)
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Figure 31. Asymmetric aldol reaction promoted by poly-(phenyl isocyanide)s with memorized

helicity.

Chiral additives, that are not part of the polymer main chain, can also be employed to impose
a preferred handedness to covalent macromolecules. Removal of these additives may not be
accompanied by racemization of the main chain at the condition that the helicity is kinetically locked

(chiral memory effect). Yashima and co-workers demonstrated that such phenomena are operative
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for poly(4-carboxyphenyl isocyanide), poly-(Pl), a racemic helical polymer that folds into a single-
handed helix upon induction by an optically-active amine in water.*> After removal of the chiral
inducer, h-poly-(PI*®) (h stands for memorized chiral helix) retains its helicity during a timescale
that allows for its derivatization (Figure 31). The acidic groups of poly-(P1'®®) served to introduce
various amounts of piperazine (PIN) functions at the periphery of the polymer.?* Importantly, no
significant racemization of the helix occurred during the functionalization process. Poly-(PI1'%*-co-
PIng), which contained = 10% of piperazine units for activation of ketones, promoted the aldol
reaction between cyclohexanone and 4-nitrobenzaldehyde with modest enantioselectivity (12% e.e.,
anti isomer). Yet, this example exploits the unique ability of some macromolecular helices to
amplify and retain their inherent chirality in order to support catalytic centres that can be employed

to produce optically-enriched compounds.
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Figure 32 Asymmetric palladium-catalysed silaborative C—C bond cleavage of meso-

methylenecyclopropane with a combination of a PQX ligand and a chiral additive.'?®

Condensation of chiral additives, such as diols, diamines and amino alcohols, to the boronic
acid side chains of PQX polymers successfully induced a preferred handedness to the polymer main
chain.® A polymer endowed with both boronyl (5%, Dlac3) and 2-[bis(3,5-
dimethylphenyl)phosphino]phenyl pendants (5%, DIP(3,5-Xyl),) was designed as a PQX ligand with
a dynamic helical backbone (Figure 32). This PQX ligand and (S,S)-2-amino-1,2-diphenylethanol,
the chiral inducer, proved to be the combination of choice for the palladium-catalysed silaborative
C—C bond cleavage of meso-methylenecyclopropane (91% e.e.). Since this result was achieved with
only 1 equivalent of chiral inducer per 19 achiral units (including 1 boronyl pendant), it means that
chirality amplification was strongly operative in this PQX ligand. A similar experiment was
performed with the same ligand but by adding a non-optically pure mixture of 2-amino-1,2-
diphenylethanol enantiomers as chiral additives (33% e.e., 10 equiv. per boronic pendants). The
reaction also proceeded selectively albeit the e.e. was slightly lower (87% e.e.). In these examples,
the chiral additives constitute an alternative to enantiopure monomers for controlling and amplifying

the main chain chirality of the helical catalyst.
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11.3.b Chirally-amplified supramolecular polymer catalysts

As mentioned in part I, impressive efforts have been made in the control of the chirality of
supramolecular polymers, notably by means of the S&S and MR effects.*” *" 1#* However,

asymmetric catalytic reactions whose enantioselectivity is solely controlled by the helicity of the

- 125-128 34,129-131
supramolecular polymers have only been reported by the groups of Liu and Raynal and
only the latter has investigated chirally-amplified assemblies in that context.
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Figure 33. Asymmetric metal-catalysed reactions with supramolecular helical catalysts. a) Schematic
representation of the preparation and mode of action of S&S type non-covalent helical catalysts. b)
Chemical structures of the BTA monomers. ¢) Result in the asymmetric rhodium-catalysed

hydrogenation of dimethyl itaconate.>* *%°

132 to predictably assemble into

The ability of benzene-1,3,5-tricarboxamide (BTA) molecules
robust threefold hydrogen-bonded helical assemblies in apolar solvents was exploited to control the
handedness of supramolecular helical BTA catalysts (Figure 33a). The combination of the achiral
monomer BTA™PP"2 (Figure 33b) and the enantiopure but phosphorus-free BTA monomer, BTAc1,
in a 1:1.25 ratio, proved to be slightly selective for the rhodium-catalysed hydrogenation of dimethyl
itaconate (31% e.e., Figure 33c).**® Similarly to the control experiments performed with the chiral

Am-PPhZ

ligand (part 11.2.c) the reaction performed with an analogue of BT that is unable to self-
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assemble (M*BTA™PP"?) showed no selectivity under the same conditions which demonstrates that
the observed enantioselectivity, albeit modest, stems from the helical nature of the co-assembly
formed between BTA™"""2and BTAcL. The role of BTAc1 in these co-assemblies is thought to be

similar to the role of a sergeant in the S&S-type covalent helical catalysts mentioned above.
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Figure 34. S&S type supramolecular helical BTA catalysts. (a) Plot of the selectivity and net
helicity as a function of the amount of BTAc4 in the catalytic mixture. and (b) Schematic

representation of the selective S&S type helical catalyst. **

BTA derived from o-amino esters® 133137

were found to be far more efficient sergeants than
BTACcL. The selectivity was remarkably increased for the same catalytic reaction when BTAm-PPh,
was mixed with 1.25 equivalent of the BTAs derived from norleucine (BTACc2, 74% e.e.), valine
(BTAC3, 85% e.e.) or isoleucine (BTAc4, 85% e.e.).>* Likewise, the amount of BTAc4 in the
catalytic mixture was varied (Figure 34). For mixtures with a minority of sergeants, the selectivity of
the reaction increased non linearly and reached a plateau corresponding to the optimal selectivity for
the mixture with ca. 20% of BTAc4. It means that one molecule of sergeant is sufficient to induce a
chiral environment to four achiral ligands (or two rhodium catalytic centres). A series of
spectroscopic and scattering analyses confirmed the formation of a chirally-amplified co-assembly
with a single BTA molecule in the cross-section for this mixture. The major enantiomer and the
selectivity of the catalytic reaction are thus related to the handedness and the net helicity of the co-
assemblies, respectively. It is worth mentioning here that the chirally-amplified PQX asymmetric
catalysts mentioned in the preceding section (Figure 29) require the use of an achiral monomer
acting as a spacer between the catalytic sites and thus the amount of sergeant in these systems is
actually larger than the catalytic loading. The supramolecular asymmetric catalyst built on the BTA
scaffold thus constituted the first example in which a substoichiometric amount of a chiral inducer
relative to the achiral ligand can be used without eroding the stereoselectivity of the catalytic

reaction. Conversely, the selectivity noticeably decreased for mixtures containing a higher content of
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enantiopure co-monomer (> 60%). However, CD analyses showed that the helices were still single-
handed which discarded the occurrence of an abnormal S&S effect as mentioned above for PQX
ligands. We postulated that this erosion of selectivity was rather due to a change in the coordination
mode of the supramolecular ligand: from a selective chelating ligand in low-content BTAc4
mixtures (see a representation in Figure 34) to poorly selective bridging ligand in high-content
sergeant mixtures. This change in the coordination mode of the ligand is a consequence of the
dynamic nature of this class of hydrogen-bonded catalysts. However, further exploitation of the
dynamic properties of this class of supramolecular catalysts, e.g. for the design of a switchable

asymmetric catalyst, has not been demonstrated at this stage.
11.4 Switchable asymmetric catalysts built on a helical scaffold

With the development of modern organic chemistry and the demanding synthesis of complex
molecules, the field of artificial switchable catalysis has attracted huge interests for chemists, not
only for mimicking the high performance of enzymes, but also for the design of smart materials.
Upon exposure to certain stimuli (such as light, pH, redox potential and chemical additives),
switchable catalysts could undergo reversible conformational change, offering the possibility to
control activity and chemo-/regio-/stereo-selectivity."**™** Among different stimuli-responsive
catalysts reported to date, few examples of predictable switchable enantioselective catalysts have
been reported. Dual control of enantioselectivity with a single catalyst is important for asymmetric
reactions, since it avoids the synthesis of catalyst with opposite handedness and facilitates the

preparation of molecules containing more than two stereocentres.®

Their dynamic properties make helices good candidates for the design of switchable
asymmetric catalyst, since in some cases their helical twist (P and M) can be tuned or switched. For
example, Feng’s group synthesised phenylalanine-based helices, whose handedness can be
controlled by pH (M for pH>7, P for pH<7).2*° Feringa and co-workers constructed double-stranded
helicates based on molecular motors functionalized with oligobipyridyl ligands. Upon exposure to
light, the helical structure could be switched between oligomers and double-stranded helicates with
opposite handedness.'*! However, few examples of switchable catalysts with a helical scaffold have
been reported. The following part will show that PQX helical catalysts constitute a unique class of

predictable and efficient switchable asymmetric catalysts.
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Figure 35 Selectivity-switchable PQX ligands triggered by the solvent. a)'®; b)*% ¢)'*; d)*** [a]
DIc5 is a mixture of the d, |, and meso isomers in a ratio of 38.8 : 15.8 : 45.4, respectively.

As a consequence of the conformational flexibility of their main chain, a range of helical
macromolecules undergo a reversible switch of their handedness upon activation by various
chemical or photophysical stimuli.**" The helical backbone of PQXs is particularly prone to
stereochemical inversion since bidirectional induction had been achieved by changing the position of
the chiral moiety on the quinaxoline ring (Figure 29)*° by modifying the structure of the soldier*'®

or the sergeant,*® by controlling the sequence of the monomers (Figure 30a),*°

or by the
solvent, 10> 108, 110-113, 115-118, 145-147 Tha )se of the solvent effect'*® to switch the main helical sense of
PQX-based catalysts offers the possibility to predictably produce both enantiomers of a reaction

starting from the same chiral catalyst.

Based on the initial finding that PQXs bearing chiral (R)-2-butoxymethyl side chains adopt
pure but opposite screw senses in CHCI; and 1,1,2-trichloroethane (TCE),**® switchable PQX
ligands were prepared by co-polymerization of DIPPh, and DIcl. Helical inversion to (M)-helix
occurred upon heating a solution of the as synthesized (P)-helical ligands in TCE/THF or
TCE/toluene. Full inversion of the handedness of the PQX ligand resulted in the highly

enantioselective production of both enantiomers in a range of catalytic reactions,'%® 108 113, 115-117
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Interestingly, the MR-type PQX ligand mentioned in Figure 29a with a highly chirally-amplified
120

helical backbone also exhibited inversion of the selectivity in these solvent mixtures (Figure 35a).

The need of halogenated solvents somewhat impedes the general applicability of the PQX
ligand, notably for metal-catalyzed cross-coupling reactions, and thus PQXs which can invert their
handedness in other solvents have been developed. An important element of design is the nature of
the chiral monomer. Poly-(DIc1'®) showed no inversion of its helicity in alkanes while poly-
(DI1c4™) adopted a (P)- or (M)-helix in cyclooctane and n-octane, respectively.*** Consequently, the
PQX ligand incorporating 99% of Dic4 and 1% of DIPPh, yielded both enantiomers in the
hydrosilylation of styrene depending on the nature of the alkane solvent selected to conduct the
reaction (Figure 35b). When considering S&S-type PQXs, the selection of the soldier was also found
to be crucial for the observation of the solvent-induced reversal of selectivity. Poly-(Dlc4>-co-
Dlac2'®) adopted exclusively a (P)-helical conformation in various aromatic solvents. Conversely,

poly-(DlIc4°-co-Dlac1*®

), which contains the same sergeants but a different soldier, exhibited
opposite handedness in benzene ((M)-helix) and PhCF3 ((P)-helix).X*> This result was exploited to
design a PQX ligand mainly composed of DIc4® and Dlac1*® and with only 1% of DIPPh, in order
to maintain the solvent effect. This S&S-type PQX ligand, poly-(DIPPh2'°-co-Dlac1°®-co-Dic4*®),
promoted the palladium-catalyzed Suzuki-Miyaura reaction shown in Figure 35c¢ with high and

opposite enantioselectivities in benzene (91% e.e., (R)-product) and PhCF3 (96% e.e., (S)-product).

Such a stereochemical inversion of the catalytic outcome by the solvent is particularly
valuable when the chiral catalyst is derived from a naturally occurring chiral compound. The PQX
homopolymer derived from (-lactic acid, poly-(D1c6*’), was found to be right-handed in MTBE and
left-handed in a range of other ether solvents.*** The PQX ligand incorporating 95% of DIc6, poly-
(DIPPh2*°-co-DI1c6°), adopted almost absolute (M)- and (P)-helical structures in 1,2-DME and
MTBE, respectively, and thus furnished both enantiomers in the Suzuki-Miyaura coupling shown in

Figure 35d when the reaction was performed in these solvents.
111 Objectives of the project

As mentioned above, chirality induction, chirality amplification, and reversibility are key
features of dynamic helices, and the implementation of these properties in the field of asymmetric
catalysis have attracted much interest. High level of enantioselectivity has notably been obtained for
catalysts located at the periphery of the helical scaffold of PQX covalent polymers and of BTA
supramolecular polymers. The fact that the extent of enantioinduction and the configuration of the

product of the catalytic reaction are related to the net helicity and handedness, respectively, of these
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helical catalysts paves the way towards various unique potential applications for this class of
catalysts. In particular, our group is interested in developing the switchability and chirality

amplification properties of BTA helical catalysts.

A solvent effect has been reported for PQX ligands which allowed switching the handedness
of the ligand, prior to catalysis, in order to obtain both configuration of the product of the reaction
from the same catalytic system. However, this class of PQX catalyst loses their dynamic properties
when coordinated to a metal centre *° and thus, switching their handedness during the course of the
catalytic reaction cannot be envisaged. In fact, controlling the enantiomeric state of a single catalyst
in situ is a current challenge in particular for metal-catalyzed reactions since the presence of the
metal center may impede the efficiency and the dynamics of the chiroptical switch. Inverting the
enantioselectivity of a single catalyst during a reaction presents promising perspectives of using such

150-151 orto

a catalyst to select the desired diastereoisomer in one pot stereoselective cascade reactions
control the tacticity of stereoblock copolymers.’®***® Based on our previous design of catalysts
supported on BTA supramolecular helices, the first objective of this thesis is to implement a
strategy which allows to tune and control in real time the enantioselectivity of a catalytic reaction.
Two strategies have been utilized to control the selectivity displayed by helices formed by mixing
achiral BTA ligands and enantiopure comonomers. The first strategy relies on the possibility of
switching the handedness, and thus the selectivity, of the chirally-amplified BTA helical ligand by
changing the nature of the major enantiopure comonomer in the co-assemblies thanks to the diluted
MR effect (Chapter 2, Figure 36a). For the second strategy, it was anticipated that the selectivity
provided by the helical BTA co-assemblies can be tuned to a certain extent by changing the average
length of the supramolecular helices. Accordingly, suitable salts were added to the catalytic mixtures
in order to disrupt and restore the co-assemblies and thus switch the catalytic outcome between non-

selective and selective states, respectively (Chapter 3, Figure 36Db).

The sergeants-and-soldiers and majority-rule effects can be utilized to control the
handedness of dynamic helices with a low amount of enantiopure monomers or a non-optically pure
mixture of enantiopure monomers, respectively. Extremely high chirally amplified effects which
allow optically pure helices to be obtained with less than 1% of sergeant or with 10% e.e. scalemic
mixture exist but are scarce.? %1% Moreover, helical catalysts reported to date displayed selectivity
superior to 80% e.e. only when their content in sergeants was superior to 10% or when the optically
purity of the enantiomer was superior or equal to 20% e.e. Enhancing the chirality amplification
properties of these helical catalysts is particularly desired for decreasing the amount of chiral inducer

in the catalytic mixture (i.e. significantly below the catalytic loading) and for allowing their
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stereochemical switch to be achieved with a lower amount of enantiopure comonomers. Our second
objective is therefore to improve the chirality amplification properties of our catalytic BTA helices.
Firstly, our investigation reveals that the S&S and diluted MR effects dictating the helicity of
precatalytic BTA co-assemblies are exalted upon the addition of an achiral BTA monomer. This
improvement of the chirality amplification properties by addition of this achiral additive also holds
for catalytic BTA mixtures which thus allows optimal selectivity to be obtained with as low as
0.25% of sergeants and a 10% e.e. scalemic mixture of BTA enantiomers (Chapter 4, Figure 36c).
Finally, we investigate the self-assembly properties of a new platform: N-substituted benzene-1-
urea-3,5-biscarboxamide (BUBA) monomers, C,-symmetric analogues of BTA monomers in which
one amide function has been replaced by a urea function. We are particularly interested in probing
the influence of the substitution of a single group on the chirality amplification properties of the

resulting assemblies (Chapter 6, Figure 36d).
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Figure 36 Schematic representation of the different concepts developed in the chapters of this
manuscript. (a) selectivity-switchable catalyst (chapter 2); (b) selectivity-tunable catalyst (chapter 3);
(c) extremely chirally-amplified helical catalyst (chapter 4); (d) structure-property relationships of

the assemblies formed by a new class of C,-symmetrical monomers (chapter 5).
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Chapter 2 Real-time control of the enantioselectivity of a
supramolecular catalyst allows selecting the configuration of

consecutively formed stereogenic centres

Abstract: The enantiomeric state of a supramolecular copper catalyst can be switched in situ in
ca. five seconds. The dynamic property of the catalyst is provided by the non-covalent nature of the
helical assemblies supporting the copper centres. These assemblies are formed by mixing an achiral
benzene-1,3,5-tricarboxamide (BTA) phosphine ligand (for copper coordination) and both enantiomers
of a chiral phosphine-free BTA co-monomer (for chirality amplification). The enantioselectivity of the
hydrosilylation reaction is fixed by the BTA enantiomer in excess, which can be altered by simple BTA
addition. As a result of the complete and fast stereochemical switch, any combination of the
enantiomers was obtained during the conversion of a mixture of two substrates. This work was

published as Angew. Chem. Int. Ed. 2017, 56, 14016-14019 (Jeremy M. Zimbron, Xavier Caumes, Yan

Li, Christophe M. Thomas, Matthieu Raynal and Laurent Bouteiller ) , and was reported here as
published with formatting to match with the rest of the thesis. My participation for this publication
mainly involves (i) finding the optimal conditions for controlling the configuration of the enantiomers
formed during the transformation of a mixture of two substrates (Figure 1 and Table S5), (ii)
determining the time necessary to a get a full stereochemical switch (Table S4) and (iii) performing the
stereochemical switch during the conversion of a single substrate (Scheme S1).
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| Introduction

Dynamic and stimuli-responsive catalysts potentially allow tuning their performance during a
chemical process.™ These catalysts can be switched between different states by means of a suitable
input (i.e. light, redox, thermal or chemical) with a significant impact on reaction rate,** substrate
selectivity® or diastereoselectivity.”® Conversely, inverting the enantioselectivity of a single catalyst
during a reaction remains an elusive goal despite the promising perspectives of using such a catalyst to

9-10

select the desired diastereoisomer in one pot stereoselective cascade reactions™ ™ or to control the

tacticity of stereoblock copolymers.***2

In fact, both enantiomers of a product can be obtained from the same catalyst**™**

in a predictable
manner by connecting a catalytic unit to a chiroptical switch.">* However, the switch is commonly
performed before the catalytic experiment.!®! Controlling the enantiomeric state of a single catalyst in
situl?2%! faces additional challenges: i) the catalytic system should be dynamic in the conditions of the
catalytic reaction, ii) the stereochemical switch should be fast and lead to opposite chiral environments
and, iii) the input should preserve the integrity of the catalyst. These issues are particularly significant in
the case of metal-catalysed reactions since the presence of the metal centre may impede the efficiency
and the dynamics of the chiroptical switch.>* Previous attempts to switch the enantioselectivity in situ
were also hampered by the poor stability of the metal catalysts or reactants when exposed to an
oxidizing agent®” or to ultraviolet light.?* Based on our previous design of catalysts supported on

supramolecular helices,”>?

we now describe a strategy which allows to control in real time the
enantioselectivity displayed by intrinsically achiral phosphine-copper complexes located at the
periphery of a chirally-amplified™ supramolecular polymer platform. This approach relies on the
complete and fast stereochemical switch of the handedness of the dynamic helices producing

enantiomeric catalytic centres.
Il Results and discussion

Benzene 1,3,5-tricarboxamide (BTA) monomers have been selected given their chirality
amplification properties and their fast dynamics.?’?® As shown in Scheme 1, we used supramolecular
BTA polymers composed of three types of monomers, two enantiopure co-monomers of opposite
configuration and one phosphine-functionalized achiral monomer (for copper coordination). Thanks to
chirality amplification effects, homochiral helices are expected to be formed even though the polymers

are composed of a scalemic mixture of enantiomers and of achiral monomers. Thus, dual stereocontrol
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of the asymmetric reaction should be possible by in situ addition of one of the enantiopure co-

monomers to invert the handedness of the supramolecular helices (Scheme 1).

We chose the copper-catalysed hydrosilylation of prochiral aromatic ketones using 1-(4-
nitrophenyl)ethanone (NPnone) as model substrate, because of the wide scope of reactions catalyzed by
phosphine copper hydride species,® that include stereoselective cascade transformations.®* We first
mixed BTAP"™ (6.0 mol%), an enantiopure BTA co-monomer (6.6 mol%) and Cu(OAc),-H,O (3.0
mol%) at 20°C using PhSiH3 as the silane source (Table 1). We found that significant enantiomeric
excesses (47%<e.e.<54%) were obtained with BTA co-monomers having a branched alkyl chain
attached to the stereogenic centre. Notably, BTA (S)-Cha and BTA (R)-Cha provided the
hydrosilylation product with opposite optical purities in a fully reproducible way (54 £1% e.e., Table
S.1).
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Scheme 1. Real-time control of the enantioselectivity of a supramolecular metal catalyst. The outcome
of the catalytic reaction and the structure of the BTA assemblies were correlated according to various
spectroscopic and scattering analyses. For the chemical structure of BTA Cha see Chart 1.

Chart 1. Chemical structures of BTA monomers screened in this study.

achiral BTA ligand enantiopure co-monomers
PPh, 1 | R__CO,Cy,Hys R= (S)-CH(CH),
T* BTA (S)-Val
O _NH
R= (S)-CH,CH(CH;),
BTA (S)-Leu
Oy NH H R= (S)-CH(CH3)(CH,CHy)
C12H2502C &« N e}
T': R BTA (S)-lle
H o) HN—¢ R=(S)-C(CH3)3
-N o * BTA (S)-TI
CgHy7 CO,C1;Hys (S)-Tle
o HN_ R=-CH,C¢H44
BTAPPh2  CeHiz BTA (S)-Cha BTA (R)-Cha
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Table 1: Catalytic screening of BTA monomers for the copper-catalysed hydrosilylation of NPnone.?

1. Cu(OAc),.H,0 (3 mol%) oH

o BTAPP"2 (6 mol%), co-monomer (6.6 mol%)
PhSiH; (0.29 M)
toluene, 20°C, 30 min
O,N O,N

029M 2. HCI (10%)

1. Entry 2. co-monomer %ee. (%)
1. 1 2. BTA (S)-Tle 3. +47(R)
4. 2 5. BTA (S)-val 6. +48(R)
7. 3 8. BTA (S)-Leu 9. +53(R)
10. 4 11. BTA (S)-lle 12. +53 (R)
13. 5 14. BTA (S)-Cha 15. +54 (R)
16. 6 17. BTA (R)-Cha 18. -54+1 (S)"

[a] Conversion>99%. [b] Based on repeatability tests (Table S.1).

In order to implement our concept, a scalemic mixture of enantiopure co-monomers has to
promote the asymmetric reaction with a level of selectivity similar to that of the enantiopure monomer.
We thus probed the selectivity obtained by mixing BTAP™"?and a scalemic mixture of BTA Cha (25%
e.e. in favour of BTA (R)-Cha) for the hydrosilylation of NPnone. Whatever the conditions probed
(temperature, molar ratio of BTA Cha over BTAP"™), the enantioselectivity of the reaction remains
higher than expected when considering only the optical purity of the engaged scalemic mixture (Table
S.2). These chirality amplification effects are particularly strong at 20°C since a 25% e.e. scalemic
mixture provides the product with 85% of the optimal selectivity. We further assessed the selectivity
obtained for various scalemic mixtures of BTA Cha at 0°C (Figure 1a, blue curve). The plot displays a
sigmoidal shape with a plateau, corresponding to the optimal selectivity, reached at a value of ca. 50%
e.e. of BTA Cha. The chirality amplification is slightly decreased at this temperature since 33% e.e.
scalemic mixtures are required to get 88% of the optimal selectivity. This reduction of the chirality
amplification effect at lower temperatures has been observed previously in majority-rule experiments
conducted with alkyl BTAs (see further detail in Table S.2).%? The curve is symmetrical (inversion point
at x=0): it demonstrates that the enantiomeric state of the catalyst can be inverted by simply changing
the nature of the major enantiomer in the co-assemblies (vide infra). To further ascertain the origin of
this chirality amplification effect, we precisely investigated the nature of the assemblies. When studied
individually, BTAP™" (Figure S.1) and BTA (S)-Cha (Figure S.2) assemble into stacks®? and
dimers®¥%
formation of co-assemblies between BTAP™ and BTA (S)-Cha ([BTA(S)-Cha]/[ BTA?™"=1.1) in
toluene is confirmed by FT-IR (Figures S.3 and S.4) and Small Angle Neutron Scattering analyses
(SANS, Figure S.5). According to a quantitative analysis of such data,”® the amount of BTA (S)-Cha
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incorporated into the stacks is ~50% meaning that ca. 35% of the BTA monomers present in the co-
assemblies are enantiopure. The chiroptical properties of the co-assemblies were then assessed by
Circular Dichroism (CD, Figure S.6).% All mixtures of BTA Cha and BTAP"" show a Cotton effect
centred at A=310 nm, the sign of which depends on the nature of the major enantiomer present in the co-
assemblies (Figure S.7). As only BTAP™™ absorbs in this region, the presence of this induced CD
signal®” confirms that the phosphine groups of the ligand are located in the chiral environment provided
by the co-assemblies and that the direction of the induced chirality is controlled by the co-monomer. As
expected, the plot of the net helicity as a function of the e.e. of BTA Cha for various scalemic mixtures
shows that chirality amplification effects govern the formation of single-handed helices (Figure 1a,
black curve). Indeed, 33% e.e. scalemic mixtures form homochiral assemblies.®® This demonstrates that
the chirality amplification effect observed in the catalytic experiments mentioned above stems from the
chirally-amplified nature of the helical scaffold of the catalyst. Based on the sign of the CD signal in the
200-270 nm region (Figure S.8),%° the outcome of the catalytic reaction can be correlated to the
structure of the co-assemblies: scalemic mixtures biased in favour of BTA (R)-Cha form left-handed
helices supporting Cu catalytic centres which in turn provide the (S) enantiomer of the hydrosilylation

product (see a schematic representation in Scheme 1).
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Figure 1. a) Enantiomeric excess of 1-(4-nitrophenyl)ethanol (NPnol) and net helicity versus BTA Cha
enantiomeric excess. See Table S.2 for reaction conditions. The blue line represents the selectivity that
would be obtained in absence of chirality amplification. The net helicity for the various co-assemblies
was measured by CD spectroscopy by dividing the ellipticity ([1=305 nm) of each mixture by the
ellipticity of the mixture containing enantiopure BTA Cha (Figure S.7). The curves are guides to the
eye. b) Copper-catalysed hydrosilylation of NPnone with sequential additions of substrate and PhSiHs.
Amount of BTA Cha added during the reaction: BTA (R)-Cha (13.0 mol%, run 2), BTA (S)-Cha (26.0
mol%, run 3), BTA (R)-Cha (52.0 mol%, run 4). See Table S.3 for more experimental details. c)
Copper-catalysed hydrosilylation of a 1:1 mixture of NPnone and PPnone. For the selectivity-inverting
experiments, 20.0 mol% of BTA Cha was added during the reaction. See Table S.5 for more

experimental details.
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To demonstrate the dynamic nature of the catalytic system, we first envisaged to switch its
selectivity in situ in a procedure involving sequential additions of NPnone and PhSiH;3 (Table S.3). The
reaction was started with a scalemic mixture biased in favour of BTA (S)-Cha (+33% e.e., run 1). After
15 minutes, complete conversion of the substrate was achieved leading to (R)-1-(4-nitro)phenylethanol
with 53% e.e. Then BTA (R)-Cha was added in order to invert the enantiomer bias in the mixture (-
33% e.e. of BTA Cha, run 2) and thus the handedness of the co-assemblies. The same protocol was
reproduced in order to get 4 successive runs corresponding to three switches of the selectivity. The
enantioselectivity for each run was deduced from the cumulative selectivity measured by chiral Gas
Chromatography (GC). The full inversion of the selectivity observed for each consecutive run (Figure
1b) confirms that the enantiomeric state of the catalyst can be completely switched in situ. In addition,
thanks to the chirally-amplified helical scaffold (vide supra), the selectivity of the run (54% e.e. on
average) is close to the optimal selectivity (63% e.e.) achievable under these experimental conditions. In

comparison, 21% e.e. would have been obtained in absence of chirality amplification (Figure S.10).

We then measured the time required for the stereochemical switch by adding the BTA co-
monomer (switch trigger) and PhSiH; (reaction trigger) at different time intervals. According to the
result presented in Table S.4, full enantioinversion is achieved in ca. 5 seconds. The reaction time of
NPnone is of the same order and thus the chirality switch cannot be fully accomplished during the
conversion of this substrate. In contrast, the reaction rate of 1-(4-biphenylyl)ethanone (PPnone) is lower
which allows the enantioinversion process to be performed during its transformation with no negative

impact on the obtained selectivity (Scheme S.1).

The previous experiments prompted us to probe the possibility of inverting the selectivity of the
catalyst during the hydrosilylation of a 1:1 mixture of NPnone and PPnone. We performed two
experiments with enantiopure co-monomers (BTA (S)-Cha and BTA (R)-Cha) and two selectivity-
inverting experiments starting with a scalemic mixture of enantiopure co-monomers (+60% e.e.—-60%
e.e. and -60% e.e.—+60% e.e., Table S.5). As expected, 1-(4-nitrophenyl)ethanol (NPnol) and 1-(4-
biphenylyl)ethanol (PPnol) were obtained with the same preferred configuration, i.e. predominantly (R)
or (S), when the reaction was conducted with a single enantiomer of the BTA co-monomer (Figure 1c).
More precisely, the experiment performed in the presence of BTA (S)-Cha (respectively BTA (R)-
Cha) provided the alcohols with optimal selectivities: +77%/+38% e.e. (respectively -79%/-45% e.e.)
for NPnol and PPnol. In contrast, the alcohols were obtained with an opposite preferred configuration,
e.g. one is predominantly (R) whilst the other is predominantly (S), when the enantiomer in excess in
the co-assemblies was changed during the course of the catalytic reaction. The selectivities obtained for
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these experiments +74%/-34% e.e. or -69%/+30% e.e. (NPnol/PPnol) compared well with those
obtained with a single co-monomer (Figure 1c). Any combination of the enantiomers is thus obtained in

a one-pot procedure without significant dwindling of the catalyst selectivity.??®

111 Conclusion

We have exploited the chirality amplification properties of supramolecular polymer helices to
control in situ the enantioselectivity displayed by phosphine copper catalytic centres located at their
periphery. Switching the enantiomeric state of a catalyst in between sequential transformations could
provide access to any diastereomer in cascade stereoselective reactions without purification of the
reaction intermediate. Also, a fast stereochemical switch is key for a precise stereocontrol of
polymerization reactions.*** The selectivity of the present catalytic system can be inverted both in
between different reactions and in real time during the reaction. Improving the catalytic efficiency
should be possible by combining the present concept with the recent advances achieved in tuning the
composition, the structure, the stability and the stimuli-responsiveness of supramolecular polymers and

assemblies.3*4?

66



IV Supporting Information

Supplementary Tables. Catalytic experiments: chirality induction and amplification
[Tables S.1 and S.2]

Table S.1 Repeatability of the catalytic experiments for the hydrosilylation of 1-(4-

nitrophenyl)ethanone.

1. Cu(OAG),.H,0 (3.0 mol%)
BTAPP"2 (6.0 mol%)
o BTA (R)-Cha (6.6 mol%) OH

PhSiH3
toluene, 20 °C
ON “TON

2. HCI (10%)

60

541 533 05 545 544 549 545

|e.e.| of 1-(4-nitrophenyl)ethanol (%)

Run

[a] The above table summarizes 8 batches of reactions that have been repeated in the same
conditions namely: 1-(4-nitrophenyl)ethanone (0.29 M), Cu(OAc),-H,O (3.0 mol%), BTAP™™ (6.0
mol%, 16.9 mM), BTA (R)-Cha (6.6 mol%, 18.6 mM), PhSiH3 (0.29 M), toluene, 20°C, 30 min.
Conversion >99% was obtained for all runs as determined by GC and *H NMR analyses. Based on this
repeatability assessment, a mean e.e. value of 54.1% is determined over the 8 runs. The standard
deviation is s=1.4 and the variance is s2=2.0. Accordingly, an error bar of £+ % variance (1% e.e.) was
set to the e.e. values obtained with mixtures of BTA”"™and BTA (R)-Cha (Table 1).
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Table S.2 Hydrosilylation of 1-(4-nitrophenyl)ethanone with a scalemic mixture of enantiopure BTA
Cha co-monomers (25% e.e.).l?
1. Cu(OAC),.H,0 (3.0 mol%)

BTAPP2 (6.0 mol%)
BTA (R)-Chal BTA (S)-Cha (25% e.e., x mol%)

o PhSiH3; OH
toluene, temperature
o,N O,N
expected
o BTA (R)-Cha BTA (S)-Cha unamplified obtained e.e. =

Entry — TCO oion) (mol%) ce. %) Ranp!”

)"
1 20 6.6 0 - -54 -
2 20 4.1 25 -135 -39 2.86
3 20 132 : ) -54 )
4 20 8.2 5.0 -13.5 -45 3.33
5 0 6.6 0 - -63 -
6 0 4.1 2.5 -15.8 -27 1.72
7 0 13.2 0 - -63 -
8 0 8.2 5.0 -15.8 -45 2.87
9 -25 6.6 0 - -78 -
10 -25 4.1 2.5 -19.5 -29 1.47
11 -25 13.2 0 - -78 -
12 -25 8.2 5.0 -19.5 -34 1.72

[a] Reaction conditions: 1-(4-nitrophenyl)ethanone (0.29 M), Cu(OAc),'H,O (3.0 mol%),
BTA™" (6.0 mol%, 16.9 mM), 25% e.e. scalemic mixture biased in favour of BTA (R)-Cha (x mol%),
PhSiH; (0.29 M), toluene. Conversion >99% was obtained for all entries as determined by GC and *H
NMR analyses. [b] Expected e.e. in the absence of any chirality amplification effect, considering the
optical purity of the engaged scalemic mixture of enantiopure BTA Cha. [c] Majority-rule factor
defined as Rampi= (obtained e.e.)/(expected e.e. in absence of chirality amplification). Ramp=1.0 means
no chirality amplification and the higher Rampi the higher the chirality amplification effect. Conditions
highlighted in orange have been selected for probing the chirality amplification effect displayed by the
catalytic assemblies (Fig. 1a). Reaction conditions: 1-(4-nitrophenyl)ethanone (0.29 M), Cu(OAc)2-H,0
(3.0 mol%), BTAP™ (6.0 mol%, 16.9 mM), BTA (R)-Cha/BTA (S)-Cha (x % e.e., 13.2 mol%),
PhSiH3; (0.29 M), toluene, 0°C. Conversion >99% was obtained in all cases as determined by GC and
'H NMR analyses.

Supplementary Tables and Figures: Characterization of the Cu supramolecular catalyst by

means of various spectroscopic and scattering analyses [Figures S.1 to S.9]
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Postulated active copper hydride species (made by reacting BTA”", Cu(OAc),H,0O and
PhSiH3) are poorly stable under our experimental conditions in the absence of substrate or product.
Accordingly, in the following, we will focus on the characterization of the co-assemblies formed by

mixing: i) BTAP™™ and BTA (R)-Cha, and ii) BTA”" coordinated to Cu (BTAP"?/Cu(OAc),-H,0=
2.0) and BTA (R)-Cha.
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Figure S.1 Characterization of the homo-assemblies formed by BTAP"™. (a) FT-IR analyses of
BTAP" at various concentrations in toluene (20 °C). Zoom on the N-H region. (b) Plot of the free N-H
fraction as a function of the concentration in BTA™"2, (c) SANS analysis of BTA”™ (11.7 g.dm™, 16.9

mM) in toluene-dg (20°C).
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The absorption band at v=3235 cm™ (a) is diagnostic of the bonded N-H present in stacks whilst
the absorption band at v=3430 cm™ is diagnostic of free N-H (belonging either to monomers or to BTA
molecules located at the chain-ends of the assemblies). The fraction of free N-H can be deduced from
these FT-IR data by a linear regression of the plot of ([BTA”"]xI)/A,N" versus ANH/ANH with
[BTAPP"] = total concentration in BTAP™, | = cell pathlength, AN = maximum of the absorption
band for bonded N-H, A" = maximum of the absorption band for free N-H. It provides the following
value for the molar extinction coefficients: &,"""=390 L.mol™.cm™ and &"""=158 L.mol™*.cm™ The data
in (b) can be perfectly fitted by a cooperative model for self-assembly** (K/K model) but not by an
isodesmic model.** The fit gives the following values: K,=35 M, K=1794 M, K/K,=51 (DPn=18 and
DPw=75 for [BTA™"]=16.9 mM). SANS analysis of BTA”" (c) is fitted with the form factor for long
and rigid rods with a circular cross-section and a uniform scattering length density (with the DANSE
software SasView). The fit yields a radius of 11.5 A and a length of 204 A for the stacks formed by
BTAPPhZ.
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Figure S.2 Characterization of the homo-assemblies formed by BTA (S)-Cha. (a) FT-IR analyses of
BTA Cha at 4.4 mM and 18.6 mM in toluene (20 °C). Zoom on the N-H and C=0 region. (b) SANS
analysis of BTA (S)-Cha (21.9 g.dm™, 18.6 mM) in toluene-dg (20°C).

The absorption band at v=3381 cm™ (a) corresponds to N-H bonded to carbonyl ester functions

and is diagnostic of the hydrogen-bonded network present in the ester-bonded dimers formed by ester
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BTAs. SANS analysis of BTA (S)-Cha (b) confirms the formation of small assemblies since the
scattering curve can be fitted according to a form factor for spherical objects having 1.5 times the molar
mass of the monomer (result of the fit: r = 12.0 A and M = 1750 g.mol™). More details on the structure

and stability of the ester-bonded dimers formed by ester BTAs can be found in the literature.

Characterization of the co-assemblies formed by BTA™", coordinated or not to copper, and BTA

(S)-Cha.

N-H bonded to ester C=O

free amide C=O

N-H bonded to amide C=0O

N-H bonded to amide C=0
free ester C=0

Absorbance
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+ non-incorporated dimers of BTA (S)-Cha

2.0

— BTA
—— BTA (S)-Cha

PPh2
dimers*

stacks

-

0.5

0.0

—— BTA™™ + BTA (S)-Cha =
Cu complex of BTA™™ + BTA(S)-Cha

dimers*  stacks

3500

T T T T T T 7/7 T T T T T

3400 3300 3200 1750 1700 1650

v (cm'1)

Figure S.3 FT-IR analyses of BTA”™"(16.9 mM), of BTA (S)-Cha (18.6 mM) and of the mixtures of
BTA™" (16.9 mM) and BTA (S)-Cha (18.6 mM) with and without Cu coordinated to BTAP™" in

toluene at 20 °C. * These absorption bands belong exclusively to BTA (S)-Cha either in dimers or in

stacks (co-assembly).
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Upon co-assembly, a fraction of BTA (S)-Cha molecules is incorporated into the stacks formed
by BTAP" as indicated by: i) the decreased intensity of the absorption bands belonging to BTA (S)-
Cha (vn.n=3380 cm™, Vesterc=0=1725 cm™ and vamigec=0=1672 cm™), ii) the increased intensity of the
absorption bands corresponding to stacks (vn.4=3235 cm™ and Vamisec-0=1645 cm™) and iii) the
emergence of a new absorption band at v=1745 cm™ which corresponds to free ester C=0 functions and
thus belongs exclusively to BTA (S)-Cha molecules incorporated into stacks. The FT-IR spectra of the

APP"2 are virtually identical indicating that the presence

mixtures with and without Cu coordinated to BT
of the Cu has little influence on the composition of the co-assemblies. For the determination of the

amount of BTA (S)-Cha incorporated into stacks, see below.

experimental
simulated 50% of BTA Cha incorporated (best fit)
simulated no co-assembly
2.0+ simulated full co-assembly
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Figure S.4 Quantification of the amount of BTA (S)-Cha present in the co-assemblies.®® FT-IR
analysis of the mixture of BTAP™ (16.9 mM) and BTA (S)-Cha (18.6 mM) in toluene at 20°C.
Simulated spectra for the extreme cases for which all or no BTA (S)-Cha is present in the co-
assemblies. The fraction of BTA (S)-Cha incorporated into stacks (relatively to the amount of BTA
(S)-Cha introduced initially, i.e. 18.6 mM) is 50% as deduced from the best fit with the simulated FT-
IR spectra (estimated error 10%). It means that ~35% of the BTA co-monomers present in the co-

assemblies are BTA Cha.

* The simulated spectrum of the stacks for the co-assemblies is the weighted average of the contribution
of each monomer (BTAP™ and BTA (S)-Cha) present in the stacks. The spectroscopic signature of
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BTA (S)-Met,** * an ester BTA which forms stacks in solution contrarily to BTA (S)-Cha, was
selected for the spectrum representing BTA (S)-Cha in the co-assemblies. The quality of the fit
validates the hypothesis that the conformation of BTA (S)-Cha molecules in the co-assembly is similar

to that of BTA (S)-Met molecules in the stacks.

= BTA(S)Cha
- BTAPPhZ

= BTA™"™ + BTA (S)-Cha exp

"2 + BTA (S)Cha (fit 1, % Cha incorporated)

——BTA
—— BTA™"™ + BTA (S)-Cha (fit 2, % rods of finite length)

I cm™)

0.1

0.01 -

q A"

Figure S.5 Characterization by SANS analyses of the composition of the co-assemblies formed
between BTA™" (11.7 g.dm™, 16.9 mM) and BTA (S)-Cha (21.9 g.dm™, 18.6 mM) in toluene-dg
(20°C).

Fit 1: the experimental curve for the mixture of BTAP™ and BTA (R)-Cha is fitted according
to the hypothesis that BTA (R)-Cha in part co-assembles with BTA™" and that the remaining BTA
(R)-Cha exists as dimers. The hypothesis is confirmed by the quality of the fit and by FT-IR analyses
presented above (Figure S.4). The fit gives the following results: 67% of BTA (R)-Cha is incorporated

into stacks. This value is in agreement with that deduced from FT-IR analysis (50 %, see Figure S.4).

Fit 2: the length of the co-assemblies formed by BTA and BTA (R)-Cha is determined by
fitting the SANS analysis with a form factor for rigid rods of finite length with a circular cross-section
and a uniform scattering length density. It gives a length of 145 A for the co-assemblies which are
hence shorter than the stacks formed by BTAP"? (204 A). For the results of the fits corresponding to
SANS analyses of BTAPPh2 and BTA (R)-Cha, see Figures S.1 and S.2 respectively.
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Figure S.6 CD (top) and UV (bottom) analyses of BTAP" (0.625 mM), of BTA (S)-Cha (1.375 mM),
of BTA (R)-Cha (1.375 mM) and of the mixtures of BTA?"™ (0.625 mM) and BTA (S)-Cha (1.375
mM) and of BTA"" (0.625 mM) and BTA (R)-Cha (1.375 mM) in methylcyclohexane at 20 °C.

CD analyses of BTA (S)-Cha and BTA (R)-Cha with three maxima in the region of 200-270
nm are diagnostic of the ester-bonded dimers.**® Mixtures of BTA™™™ and BTA Cha show, in
addition to CD signals in the 200-270 nm region, a Cotton effect centered at [1=310 nm, of same
intensity but opposite sign depending on the enantiomer of BTA Cha present in the mixture. As only
BTAPP"™ absorbs in this region, this signal is called an induced CD signal (ICD)*" and thus indicates
that the achiral ligand is located in the chiral environment formed by the helical BTA co-assemblies.

Also, enantiomers of BTA Cha are able to fully switch the chirality induced to BTA”P",

75



-20% -25%
0
ee. e.e.
0to 100% e.e. ee |/ 0t0-100% e.e. (BTA (R)-Cha

44. A a oAy
(BTA (S5)-Cha) ) , -33% e.e.
‘ 1 o -
¢ +33% e.e
0 to 100% e.e. (BTA (S)-Cha)
325 350
A (nm)
604 0to-100% e.e.
(BTA (R)-Cha)
-80 a T T T v T v 1
200 250 300 350 400

A (nm)

Figure S.7 CD analyses of mixtures of BTAP™" (0.625 mM) and BTA Cha of various enantiomeric
excesses (1.375 mM) in methylcyclohexane at 20°C. Inset: zoom on the ICD signals.

The mixtures with +33% e.e. and -33% e.e. have been thickened since a maximum intensity of

the ICD signal is reached for these mixtures. CD analyses were recorded for the following le.e.lin
BTA Cha: 0%, 2.5%, 5%, 10%, 15%, 20%, 25%, 33%, 50%, 75% and 100%.

30
~~~~~~ BTA""+BTA (R)-Cha (-100% e.e.)

- ——BTA""*+BTA (S)-Cha (100% e.e.)

10

6 (mdeg)
o

-20% e.e. \
-33% e.e.

-20

-30

. ; . .
200 250 300 350 400
A (nm)

Figure S.8 “Diluted majority rule experiments” of Fig. S.7 processed in order to remove the
contribution of BTA Cha dimers to the overall CD signal. The amount of BTA Cha that remains as

dimers in the mixtures (conditions indicated in Fig. S.7) has been quantified to 80% by means of FT-IR

analyses (data not shown).
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net helicity
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e.ein BTA Cha

BTA (R)-Cha BTA (S)-Cha

Figure S.9 “Diluted majority rule experiments”: Net helicity as a function of the enantiomeric excess of
BTA Cha determined according to CD analyses shown in Figures S.8. The net helicities were obtained
by dividing the ellipticities at A=305 nm and A=252 nm for each mixture by the ellipticities measured

for the mixture containing enantiopure BTA Cha. The lines are drawn as a guide to the eye.
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Supplementary Tables, Schemes and Figures: selectivity-switching experiments [Tables S.3
to S.5, Scheme S.1, Figure S.10]

Table S.3 Copper-catalysed hydrosilylation of 1-(4-nitrophenyl)ethanone with successive additions of
substrate and PhSiHz. 21

i) Cu(OAc),.H,0 (3.0 mol%)
BTAPPM2 (6.0 mol%)
BTA (R)-Chal/ BTA (S)-Cha 4.4 mol%/8.7 mol% (+33% e.e.)

toluene, 0 °C, 15 min
o OSiR;

/@)\ ii) PhSiH3 /©/]\
O,N IE' O,N

iiiy BTA (R)-Cha 13.0 mol%, 30 min

\J

iv) 1-(4-nitrophenyl)ethanone, PhSiHz 60 min

_ v) BTA (S)-Cha 26.0 mol%, 30 min _
OSiR; OSiR;
‘vi) 1-(4-nitrophenyl)ethanone, PhSiH; 60 min
O:N O:N
vii) BTA (R)-Cha 52.0 mol%, 30 min
viii) 1-(4-nitrophenyl)ethanone, PhSiHz 60 min
ix) HCI
OH
02N/©/]\
. e.e. for the
RUN BTA (R)-Cha BTA(S)-Cha obtained e.e. run (%)
(mol%) (mol%) (%)
1 4.4 8.7 +53 (R) +53 (R)
2 17.4 8.7 -2 (S) -56 (S)
3 17.4 34.7 +17 (R) +53 (R)
4 69.4 34.7 0 -52 (S)

[a] Reaction conditions: 1-(4-nitrophenyl)ethanone (4x100 mol% = 400 mol% in total),
Cu(OAC),'H,0 (3.0 mol%), BTAP" (6.0 mol%), BTA (R)-Cha/BTA (S)-Cha (le-e-| =33 %) PhSiH,
(200 mol% for run land then 100 mol% for run 2, run 3 and run 4 = 500 mol% in total), toluene, 0 °C.
For the exact amount of BTA Cha present in each run, see the table. Conversion >99% was obtained for
all runs as determined by GC and *H NMR analyses. For the GC analyses corresponding to each run see
pages S.23 and S.24.
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[b] The optimal selectivity for the supramolecular Cu catalyst under these conditions as
determined in Fig. 1a is 63% e.e. This is the selectivity expected for a catalyst with a fully chirally-
amplified helical backbone. In contrast, 21% e.e. (0.33 x 63) would be obtained in absence of chirality
amplification. [c] The reaction times for the conversion of the substrate and for the stereochemical
switch were not optimized (see Table S.4).

I Experimental
I Optimal selectivity

(R, *7 - [ Without chirality amplification
1 +

+53

Run 2 Run 4

e.e. of 1-(4-nitrophenyl)ethanol (%)

(S 4

Figure S.10 Copper-catalysed hydrosilylation of 1-(4-nitrophenyl)ethanone with successive additions
of substrate and PhSiH;. Comparison of the enantioselectivity of the runs, the optimal selectivity and
the selectivity in absence of chirality amplification. For the conditions and results of the sequential
reaction and the definitions of the optimal selectivity and of the selectivity in absence of chirality
amplification see the Table S.3.
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Table S.4 Determination of the time required for switching the selectivity for the copper-catalysed

hydrosilylation of 1-(4-nitrophenyl)ethanone.?

i) Cu(OAC).H,0 (3.0 mol%)

BTAPP"2 (6.0 mol%) ii)y BTA (R)-Cha 13.0 mol%, time

o BTA(R)-Chal BTA (S)-Cha iii) PhSiH3 (100 mol%), 10 min ™
4.4 mol%/8.7 mol% (+33% e.e.)

/©)‘\ toluene, 0 °C, 15 min _ HCl /©/i\
O,N - > O,N
100 mol%

Entry  Time () e.e. (%)

0 no BTA (R)-Cha addition ~ +60 (R)

1 0 +17 (R)M!

2 5 -56 (S)

3 20 -60 (S)

4 60 -62 (S)

[a] Reaction conditions: 1-(4-nitrophenyl)ethanone (100 mol%), Cu(OAc),-H,O (3.0 mol%),
BTA"™ (6.0 mol%), BTA (R)-Cha/BTA (S)-Cha (4.4 mol%/8.7 mol%, +33% e.e.), toluene, 0 °C.
BTA (R)-Cha (13.0 mol%) was added and then PhSiH3; (100 mol%) after a given time. Conversion
>99% was obtained for all entries as determined by GC and *H NMR analyses. For the GC analyses
corresponding to a time of 5 seconds (entry 2) see page S.35. [b] BTA (R)-Cha and PhSiH3; were mixed
together and added together to the precatalytic mixture. In these conditions, the selectivity switch was
not complete. It means that the conversion of 1-(4-nitrophenyl)ethanone and the stereochemical switch

occur at the same timescale.
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Scheme S.1 Stereochemical switch during the conversion of 1-(4-biphenylyl)ethanone.

a) i) Cu(OAc),.H,0 (3.0 mol%)
BTAPP"2 (6.0 mol%)
BTA (R)-Cha/ BTA (S)-Cha oH

4.4 mol% / 8.7 mol% (-33% e.e.)

O toluene, 0 °C, 15 min O
ii) BTA (R)-Cha 13.0 mol%, PhSiH3 (100 mol%), 3h

100 mol%
i) HCI

without addition of co-monomer: +34% e.e. (R), 85% conversion
with addition of co-monomer: -43% e.e. (S) , 72% conversion

Reaction conditions: 1-(4-biphenylyl)ethanone (100 mol%), Cu(OAc),'H,O (3.0 mol%),
BTA™™ (6.0 mol%), BTA (R)-Cha/BTA (S)-Cha (4.4 mol%/8.7 mol%, +33% e.e.), toluene, 0 °C.
BTA (R)-Cha (13.0 mol%) and PhSiH; (100 mol%) were mixed and added at the same time. The
conversion was determined by GC and *H NMR analyses. For the chiral HPLC analyses with and

without switch, see pages S.26 and S.27.

i) Cu(OAc),.H50 (3.0 mol%)

b) BTAPP"2 (6.0 mol%)
o BTA(R)-Chal/ BTA (S)-Cha oH
1.3 mol%/5.3 mol% (+60% e.e.)
toluene. -25 °C. 15 min iii) BTA (R)-Cha 20.0 mol%, 12 h O
ii) PhSiH3 (100 mol%), 30 min  iv) HCI O
= g
-27% e.e. (S), 45% conversion

ﬂ l

+40% e.e. (R), ~10% conversion -45% e.e. (S), 35% conversion

Reaction conditions: 1-(4-biphenylyl)ethanone (100 mol%), Cu(OAc),'H,O (3.0 mol%),
BTAP™ (6.0 mol%), BTA (R)-Cha/BTA (S)-Cha (1.3 mol%/5.3 mol%, +60% e.e.), PhSiHz (100
mol%), toluene, -25 °C. BTA (R)-Cha (20.0 mol%) was added after 30 minutes. The conversion was
determined by GC and *H NMR analyses. For the chiral HPLC analyses of step 1 (aliquot) and at the

end of the reaction, see page S.28.

[a] The selectivity for step 2 was calculated according to the selectivities and conversions
obtained in step 1 and at the end of the reaction. The selectivity of step 2 is optimal and inversed
compared to step 1 confirming that full stereochemical switch occurs during the hydrosilylation of 1-(4-

biphenylyl)ethanone.

81



Table S.5 Copper-catalysed hydrosilylation of 1:1 mixture of 1-(4-nitrophenyl)ethanone and 1-(4-
biphenylyl)ethanone.®

i) Cu(OAC),.H,0 (3.0 mol%)
BTAPP"2 (5.0 mol%)

o O H OH
BTA (S)-Cha (6.6 mol%)
O)‘\ . O toluene, -25°C, 15min . O
ON O ii) PhSiH3 (100 mol%), 12 h ON O
iii) HCI

50 mol% 50 mol%

entry 1

MiTe)

entry 2 .
i) Cu(OACc),.H,0 (3.0 mol%

)
Q OH
O BTAPP"2 (6.0 mol%) o
. BTA (R)-Cha (6.6 mol%) .
toluene, -25 °C, 15 min o
0N O ii) PhSiH3 (100 mol%), 12 h ON O

50 mol% 50 mol% iii) HCI

i) Cu(OAC),.H,0 (3.0 mol%)
BTAPP"2 (6.0 mol%) OH OH

o o
BTA (R)-Chal/ BTA (S)-Cha :
. 0 1.3 mol%/5.3 mol% (+60% e.e.) iii) BTA (R)-Cha 20.0 mol% /@/\ . O
ON O toluene, -25 °C, 15 min (-60% e.e. in BTA Cha), 12h o O
ii) PhSiHz (200 mol%), 2 min iv) HCI

100 mol% 100 mol%

i) Cu(OAC);.H,0 (3.0 mol%)
BTAPP"2 (6.0 mol%) oH oH

entry 4
0 o
/©)J\ BTA (R)-Chal BTA (S)-Cha
. O 5.3 mol%/1.3 mol% (-60% e.e.) iii) BTA (S)-Cha 20.0 mol% /@J\ . O
O.N O toluene, -25 °C, 15 min _ (+60% e.e.in BTA Cha), 1EhOZN

i) PhSiHg (200 mol%), 2 min iv) HCI O

100 mol% 100 mol%

1% step 2" step e.e. (%)

BTA (R)-Cha BTA (S)-Cha |BTA (R)-Cha BTA (5)-Cha
ENTY (molos) (mol%) (Mol%) (mol%) 07 R
1 BTA (S)-Cha (6.6) FT7T(R) +38(R)
2 BTA (R)-Cha (6.6) 79(S)  -45(S)
3 13 5.3 213 5.3 fT4(R)  -34(S)
4 5.3 13 5.3 21.3 69(S)  +30(R)

[a] Reaction conditions: 1-(4-nitrophenyl)ethanone (50 mol%, entries 1 and 2, 100 mol% entries

3 and 4), 1-(4-biphenylyl)ethanone (50 mol% entries 1 and 2, 100 mol% entries 3 and 4),
Cu(OAC),-H,0 (3.0 mol%), BTAP™ (6.0 mol%), enantiopure BTA Cha (entries 1 and 2) or BTA (R)-
Cha/BTA (S)-Cha (e.e. value= 60%, entries 3 and 4) , PhSiH3 (100 mol% entries 1-2, 200 mol% entries
3-4), toluene, -25 °C. For the exact amount of BTA Cha present in each step, see the table. The
conversion was determined by GC and *H NMR analyses. Conversion of 1-(4-nitrophenyl)ethanone was
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superior to 99% for all entries. Conversion of 1-(4-biphenylyl)ethanone was of 84% and 60% for entries
3 and 4 respectively. The optical purity of 1-(4-nitrophenyl)ethanol and 1-(4-biphenylyl)ethanol was
determined by chiral GC and chiral HPLC analyses, respectively. For chiral GC analyses of entries 1-4,

see pages S.30 and S.31.

General Procedures.

Preparation of new compounds: The synthetic procedure for the preparation of BTAP™" js

detailed below. N,N-dimethylaminopyridine (DMAP), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC-HCI), phenylsilane, Cu(OAc),-H,0, 1-(4-nitrophenyl)ethanone
and 1-(4-biphenylyl)ethanone were acquired from commercial suppliers and used directly. 3,5-
bisoctylaminocarbonyl-benzoic acid,* 4-diphenylphosphinoaniline,*® BTA (S)-Val,?® BTA (S)-Tle,®
BTA (S)-Leu,”® BTA (S)-1le,*® BTA (S)-Cha® and BTA (R)-Cha® were prepared following published
procedures. Racemic phenyl alcohols were prepared by reduction of the corresponding aromatic ketones
with NaBH, in methanol. Solvents for catalytic experiments were obtained from an SPS solvent
purification system (IT-Inc). Chromatography-grade solvents were used for samples analysed by FT-IR
and CD spectroscopy. NMR spectra were recorded on a Bruker Avance 300 spectrometer and calibrated
to the residual solvent peak: DMSO-ds (*H: 2.50 ppm; **C: 39.52 ppm). Peaks are reported with their
corresponding multiplicity (s: singlet; d: doublet, t: triplet; m: multiplet) and integration, and respective
J coupling constants are given in Hertz. Exact mass measurements (HRMS) were obtained on TQ R30-

10 HRMS spectrometer by ESI+ ionization and are reported in m/z for the major signal.

Chiral GC and HPLC analyses: 1-(4-nitrophenyl)ethanol. The optical purity was determined by

GC analysis: Chiral Cyclosil-B column, 30 m x 250 um x 0.25 um, inlet pressure = 12.6 psi. Injection
temperature = 220°C; detector temperature = 300°C; column temperature = 165°C. Retention time: 8.6
min (1-(4-nitrophenyl)ethanone), 18.9 min ((R)-enantiomer), 19.3 min ((S)-enantiomer).*’ 1-(4-
biphenylyl)ethanol. The optical purity was determined by HPLC analysis: Chiralpak AD-H column,
heptane/isopropanol 97/3, flow=1 mL.min™, detection at 254 nm. Retention time: 17.8 min ((S)-
enantiomer) and 20.2 min ((R)-enantiomer).”® Mixture of 1-(4-nitrophenyl)ethanol and 1-(4-
biphenylyl)ethanol. GC analysis: Chiral Cyclosil-B column, 30 m x 250 pm x 0.25 pm, inlet pressure
= 12.6 psi. Injection temperature = 220°C; detector temperature = 300°C; column temperature = 165°C
for 25 min, then 180°C for 20 min. Retention time: 18.9 min (1-(4-nitrophenyl)ethanol, (R)-
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enantiomer), 19.3 min (1-(4-nitrophenyl)ethanol, (S)-enantiomer), 29.6 min (1-(4-biphenylyl)ethanol,
(R)-enantiomer), 29.9 min (1-(4-biphenylyl)ethanol, (S)-enantiomer).

Preparation of BTA solutions for analyses: the desired BTA was weighed into a 11.6 mm

HPLC vial or a 220 mm glass vial, the volume of solvent was adjusted to the desired end concentration
with an adequate glass microsyringe, and verified by weighing the sample. Vials were sealed with

PTFE-coated caps to avoid contamination from leaching plasticizer.

Fourier-Transform Infrared (FT-IR) analyses: FT-IR measurements were performed on a Nicolet

iIS10 spectrometer. Solution spectra were measured in CaF, cells by adjusting the pathlength (0.1 cm or

0.05 cm) to the concentration and were corrected for air, solvent and cell absorption.

Circular_dichroism (CD) analyses: CD measurements were performed on a Jasco J-1500

spectrometer equipped with a Peltier thermostated cell holder and Xe laser. Data were recorded at 20°C
with the following parameters: 20 nm.min* sweep rate, 0.1 nm data pitch, 2.0 nm bandwidth, and
between 400 and 200 nm. Spectra were corrected for solvent and cell contribution. A 0.1 mm
dismountable quartz cell (2x10"° M) was used. For all samples, LD contribution was negligible (ALD <

0.005 dOD) and the shape of the CD signal was independent of the orientation of the quartz slide.

UV-Vis analyses: UV-Vis absorption spectra were extracted from CD on each of the above

samples and obtained after correction of the absorption of air, solvent, and cell at the same temperature.

Small-angle neutron scattering (SANS) analyses: SANS measurements were made at the LLB

(Saclay, France) on the PA20 instrument, at two distance-wavelength combinations to cover the 4.2x10
% to 0.25A™ g-range, where the scattering vector q is defined as usual, assuming elastic scattering, as
q=(4=n/2)sin(6/2), where @ is the angle between incident and scattered beam. Data were corrected for the
empty cell signal and the solute and solvent incoherent background. A light water standard was used to

normalize the scattered intensities to cm™ units.
Synthetic procedures.

Synthesis of BTAP™2: 3 5-bisoctylaminocarbonyl-benzoic acid*® (1.50 g, 3.5 mmol) and dry
THF (100 mL) were mixed in an oven-dried Schlenk flask under argon and then N,N-
dimethylaminopyridine (0.72 g, 5.9 mmol), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (1.13 g, 5.9 mmol) and 4-diphenylphosphinoaniline®® (1.44 g, 5.2 mmol) were added as

solids. The reaction mixture was refluxed for 2 days. After cooling to room temperature, the mixture
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was evaporated under vacuum and the crude product was purified by column chromatography on silica
gel eluting with DCM/ACOEt (95/5 to 7/1) to yield BTAP™ (1.90 g, 79%) as a colourless solid. *H
NMR (300 MHz, DMSO-dg) & 10.62 (s, 1H), 8.68 (t, J = 5.6 Hz, 2H), 8.45 (dd, J = 7.7, 1.6 Hz, 3H),
7.84 (d, J = 8.1 Hz, 2H), 7.46-7.37 (m, 6H), 7.31-7.21 (m, 6H), 3.29-3.22 (m, 4H), 1.61-1.47 (m, 4H),
1.36-1.11 (m, 20H), 0.90-0.79 (m, 6H). *P{*H} NMR (122 MHz, DMSO-ds) 5 -7.7. *C{*H} NMR (75
MHz, DMSO-dg) 6 165.2, 165.0, 139.9, 137.0 (d, J = 11.4 Hz), 135.2, 135.1, 134.1 (d, J = 20.6 Hz),
133.1 (d, J = 19.4 Hz), 129.0, 128.9, 128.8, 128.7 (d, J = 6.8 Hz), 120.4 (d, J = 7.4 Hz), 39.6 (below the
solvent peak), 31.3, 29.0, 28.8, 28.7, 26.5, 22.1, 13.9. HRMS: Calculated for C43HssN30sP [M+H]":
692.3976, found: 692.3973.

Catalytic experiments.

Catalytic screening (Tables 1 and S.1): An oven-dried test tube was loaded with Cu(OAc),*H,0
(1.0 mg, 3.0 mol%) and BTAP" (6.9 mg, 6.0 mol%) in dry THF (500 pL) and the mixture was stirred

for 30 minutes. The solvent was removed under vacuum and the test tube was further put under vacuum

(1.10 mbar) for 1 hour. 1-(4-nitrophenyl)ethanone (28.0 mg, 0.17 mmol) was added before flushing
the tube with argon for 10 seconds. The BTA co-monomer (6.6 mol% in 200 pL of dry toluene) was
added to the test tube as well as dry toluene in order to get a total volume of 590 pL. The mixture was
stirred for 15 min at room temperature. PhSiH3 (21.0 pL, 0.17 mmol) was added to the test tube and the
mixture was stirred for 17 hours. Typical work-up: Aqueous solution of HCI (10 wt%, 400 uL) was

added and the mixture was stirred for 30 min (until the solution became transparent). Then, the products
were extracted with Et,O (3x1 mL) and AcOEt (1x1 mL) and the solvents were evaporated under
vacuum. The residue was taken up in DCM and passed through a silica plug eluting with DCM. The
solvents were evaporated and the conversion and enantioselectivity were determined by *H NMR and

chiral GC respectively.

Screening for chirality amplification (Table S.2): An oven-dried test tube was loaded with
Cu(OAC)»*H,0 (1.0 mg, 3.0 mol%) and BTAP™ (6.9 mg, 6.0 mol%) in dry THF (500 pL) and the

mixture was stirred for 30 minutes. The solvent was removed under vacuum and the test tube was

further put under vacuum (1.10° mbar) for 1 hour. 1-(4-nitrophenyl)ethanone (28.0 mg, 0.17 mmol)
was added before flushing the tube with argon for 10 seconds. A 25% e.e. scalemic mixture biased in
favour of BTA (R)-Cha (x mol%) in 200 pL of toluene was added to the test tube as well as dry toluene
in order to get a total volume of 590 pL. The mixture was stirred for 15 min at room temperature. The

mixture was cooled to the desired temperature and further stirred for 15 min. PhSiH; (21.0 uL, 0.17
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mmol) was added to the test tube and the mixture was stirred until completion of the reaction. The

typical work-up procedure was followed.

Chirality amplification effect under optimized conditions (Figure 1a): An oven-dried test tube
was loaded with Cu(OAc),-H,0 (1.0 mg, 3.0 mol%) and BTA"" (6.9 mg, 6.0 mol%) in dry THF (500

pL) and the mixture was stirred for 30 minutes. The solvent was removed under vacuum and the test

tube was further put under vacuum (1.10° mbar) for 1 hour. 1-(4-nitrophenyl)ethanone (28.0 mg, 0.17
mmol) was added before flushing the tube with argon for 10 seconds. A scalemic mixture of BTA Cha
(25.8 mg, 13.2 mol%, x% e.e.) in 200 uL of toluene was added to the test tube as well as dry toluene in
order to get a total volume of 590 pL. The mixture was stirred for 15 min at room temperature. The
mixture was cooled to 0 °C and further stirred for 15 min. PhSiH3 (21.0 pyL, 0.17 mmol) was added to
the test tube and the mixture was stirred until completion of the reaction. The typical work-up procedure

was followed.

Hydrosilylation of 1-(4-nitrophenyl)ethanone with sequential additions of substrate and PhSiH3
(Table S.3, Figures 1b and S.10): A Schlenk tube tube was loaded with Cu(OAc),-H,O (1.0 mg, 3.0
mol%) and BTAP™ (6.9 mg, 6.0 mol%) in dry THF (500 pL) and the mixture was stirred for 30
minutes. The solvent was removed under vacuum and the Schlenk tube was further put under vacuum
(1.10° mbar) for 1 hour. Then 1-(4-nitrophenyl)ethanone (28.0 mg, 0.17 mmol) was added before
flushing the tube with argon for 10 seconds. BTA (R)-Cha (8.6 mg, 4.4 mol%) and BTA (S)-Cha (17.2
mg, 8.7 mol%) in 80 pL of dry toluene was added to the Schlenk tube as well as dry toluene in order to

get a total volume of 590 pL. The mixture was stirred for 15 min at room temperature. The mixture was
cooled to 0 °C and further stirred for 15 min. PhSiH3 (42.0 pL, 0.34 mmol) was added and the mixture
was stirred for 15 minutes. An aliquot was taken up, hydrolyzed with aqueous HCI and analyzed by
chiral GC (run 1). Then, BTA (R)-Cha (25.4 mg, 13.0 mol%) in 200 pL of toluene was added and the
mixture was stirred for 30 min before addition of 1-(4-nitrophenyl)ethanone (28.0 mg, 0.17 mmol) and
PhSiH3 (21.0 pL, 0.17 mmol). The mixture was stirred for 60 minutes and an aliquot was taken up,
hydrolyzed with aqueous HCI and analyzed by chiral GC (run 2). Then, BTA (S)-Cha (50.7 mg, 26.0
mol%) in 100 L of toluene was added and the mixture was stirred for 30 min before addition of 1-(4-
nitrophenyl)ethanone (28.0 mg, 0.17 mmol) and PhSiH3 (21.0 pL, 0.17 mmol). The mixture was stirred
for 60 minutes and an aliquot was taken up, hydrolyzed with aqueous HCI and analyzed by chiral GC
(run 3). Then, BTA (R)-Cha (100.0 mg, 52.0 mol%) in 200 pL of toluene was added and the mixture
was stirred for 30 min before addition of 1-(4-nitrophenyl)ethanone (28.0 mg, 0.17 mmol) and PhSiH;
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(21.0 pL, 0.17 mmol). The mixture was stirred for 60 minutes and the typical work-up procedure was
followed (run 4).

Table S.6 Determination of the enantiomeric excess in 1-(4-nitrophenyl)ethanol for each run of
for the sequential copper-catalysed hydrosilylation of 1-(4-nitrophenyl)ethanone.

e.e.from the eq. of (R)/(S) e.r. for the ee. for the

aliquotst™ product™ run run
1 53% 0.765/0.235 76.5/23.5 53%
2 -2% 0.984/1.016 22.0/78.0 -56%
3 17% 1.75/1.25 76.5/23.5 53%
4 -1% 1.99/2.01 24.0/76.0 -52%

[a] “Cumulated” e.e. in 1-(4-nitrophenyl)ethanol (determined from the aliquots) for the different run,
full conversion for each run. [b] “Cumulated” equivalents in (R) and (S) 1-(4-nitrophenyl)ethanol for the

different run (100 mol% of 1-(4-nitrophenyl)ethanone is converted by run).
GC analyses From the aliquots of the different run.

Tables S.3, run 1:

FID1 A, Front Signal (CAUMES\ XC-553_564 2016-07-04 0832 00XC 563 RUNT D)
pA_| ”N’ q?‘%
g
H‘,&
12 I
‘ ‘, Peak RetTime Type Width Area Height Area
[ #  [min] [min]  [pA*s] [pA] %
10 [ L R P [mmmmmeees R s |-ommeees [
l‘ 1 19.825 MM ©.1574 129.99763  13.76821 76.62969
| | 2 19.595 MM ©.1565 39.64631 4.22337 23.37031
g4 |
|
|
[ o
6 | &
\ g &
2
e
44 ‘l N
\ [
|
2 ‘l I
| \ \
| \ L
1 SN s
1 18 19 19 20 205 21 21
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Tables S.3, run 2:

FIDT A, Front Signal (CAUMES\ XC-553_554 2016-07-04 08-22-00C-553-RUN2 D}

P41 g w» )
1 & & g &
1 I g 57
35 L@ P
, hs ¥
B | 1}
10 | \ ‘| \ Peak RetTime Type Width Area Height Area
b ‘ | ‘ | #  [min] [min]  [pA*s] [pA] %
] u O e R |=mnee- [mmmmeoee- R L s \
254 | | I‘. 1 18.864 MM ©.1803 408.14828 37.73767 49.43685
1 ‘ \ [ 2 19.480 MM 8.2127 417.44782  32.71474 50.56315
\ \
1 \ \
2] ‘ \ | \
1 \ \
4 1
] \ “
15 ‘ \ ! |
] \ | \
10 | \ | \
| \ | \
57 | Voo \
4 | \. I\
] | |
o] SR -
T T T T T T T
1 185 19 195 20 205 21 215 i
Tables S.3, run 3:
FIOT A, Front Signal (CAUMES\ XC-553_554 2016-07-04 06-32-00XC S5 RUNA D)
pA: % h@”?p
q | | P
07 \
1 A
1 \ &
] \
2
a0 ‘ \ e
] \ . ) .
] | %" Peak RetTime Type Width Area Height Area
1 \ [\ # (e [min]  [pA*s] [PA] %
0] \ [ P B L L
J \ ‘ \ 1 18.773 MM ©.2092 698.33820 55.64165 58.33109
] ‘ \ [ 2 19.358 MM ©.2389 498.85918  36.86546 41.66891
\ \
] \ \
204 ‘ \ ‘
: ‘.\I ‘ \‘.‘
10 \ \
] | \ | \\
] I\ \ \
o N -\—»
L T T T T T T T
18 185 19 195 20 205 21 215 i
Tables S.3, run 4:
FIOT A, Front Signal (CAUMES! XC-553_554 2016-07-04 08-32-00XC-553-RUNA D)
"1 8§ & 5 &
] - JCA
2] | I\’@(b M &
4 | ‘I | \
1 [ Il
] | | |
m—_ “ |1
4 | | | | Peak RetTime Type Width Area Height Area
o] ‘ \I ‘ \ #  [min] [min]  [pA*s] [pA] %
1 | [ 1 b EEEEEE e EEEEEEE |-=mmmmmne [=mmmmmes [==mmmnen |
1 | \ | 1 19.868 MM  ©.1535 121.56@56 13.20118 49.80222
6] | ‘I ‘ \ 2 19.527 MM ©.1677 122.52606 12.17928 50.19778
i | \
] | \
| ‘ \
4 | | |
4 ‘ | | |
4 |
] | | \
] ‘| \ [
4 \ | \
2 | \ | \
1 | \ f
0l YA \w«;ﬁ-
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Determination of the time required for the stereochemical switch (Table S.4): A test tube was

loaded with Cu(OAc),-H,0 (1.0 mg, 3.0 mol%) and BTA™" (6.9 mg, 6.0 mol%) in dry THF (500 L)
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and the mixture was stirred for 30 minutes. The solvent was removed under vacuum and the test tube
was further put under vacuum (1.10" mbar) for 1 hour. Then 1-(4-nitrophenyl)ethanone (28.0 mg, 0.17
mmol) was added before flushing the tube with argon for 10 seconds. BTA (R)-Cha (8.6 mg, 4.4
mol%) and BTA (S)-Cha (17.2 mg, 8.7 mol%) in 80 pL of dry toluene was added to the test tube as
well as dry toluene in order to get a total volume of 590 pL. The mixture was stirred for 15 min at room
temperature. The mixture was cooled to 0 °C and further stirred for 15 min. BTA (R)-Cha (25.4 mg,
13.0 mol%) in 200 pL of toluene was added as well as PhSiH3 (21.0 pL, 0.17 mmol) after a measured

time. The mixture was stirred for 10 minutes and the typical work-up procedure was followed.
GC analyses

Tables S.4, no switch: + 60% e.e.(R)

FID1 A, Front Signal (YAN LI\ YL-20170825CAT 115 118 2017-08-25 17-19-0AYL-CAT115-3.D)
pA ] b
] Al
£
35 R
] @
0] 1A
[ Peak RetTime Type Width Area Height Area
25 #  [min] | [min]  [pA*s] [pA] ‘ %
] Ry B ARy R RS Py P
) 1 18.386 MM ©.2079 436.7739@  35.81895 80.39483
-:ﬂ_- 2 1B.967 MM 8.2017 166.51218 8.80086 19.68517
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15 ] &
] g &
] o
] b
10+ I\
5 \ \
1 N Y
L4 AN
| S
{1 S S
T
18 185 19 195 0 208 21 15 mi

Tables S.4, entry 2 (5 seconds): -56% e.e.(S)

FID1 A, Front Signal (YAN LI YL-20170825CAT 115 118 2017-08-25 17-19-02\YL-CAT118.D)
A "?

] B

] P

Ay

] «©
40 l \

J |l

1 Peak RetTime Type Width Area Height Area

1 | #  [min] [min]  [pA*s] [pal %
307 2 \ 1 18.363 MM ©.1552 202.14156  21.71437 22.20999

| 2 _P"l- \ 2 1B.736 MM ©.2688 787.99628 44.83885 77.79861

] 5 \
20 |

] |

|
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b | \

v \
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1 > e
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Stereochemical switch during the conversion of 1-(4-biphenylyl)ethanone (Scheme S.1a): A test
tube was loaded with Cu(OAc),-H,0 (1.0 mg, 3.0 mol%) and BTAP"" (6.9 mg, 6.0 mol%) in dry THF

(500 pL) and the mixture was stirred for 30 minutes. The solvent was removed under vacuum and the

test tube was further put under vacuum (1.10 mbar) for 1 hour. Then 1-(4-biphenylyl)ethanone (34.0
mg, 0.17 mmol) was added before flushing the tube with argon for 10 seconds. BTA (R)-Cha (8.6 mg,
4.4 mol%) and BTA (S)-Cha (17.2 mg, 8.7 mol%) in 80 pL of dry toluene was added to the test tube as
well as dry toluene in order to get a total volume of 590 pL. The mixture was stirred for 15 min at room
temperature. The mixture was cooled to 0 °C and further stirred for 15 min. Then, a solution of toluene
(200 pL) containing BTA (R)-Cha (25.4 mg, 13.0 mol%) and PhSiH3 (21.0 pL, 0.17 mmol) was added.

The mixture was stirred for 3h and the typical work-up procedure was followed.
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HPLC analyses

Scheme S.1a, no switch: + 34% e.e.(R)

Peak Results

. E Name | RT Area | % Area | Height
0.25] 2 [T 1 17,540 | 10218774 | 33,05 | 183892
E ~ 2 19,678 | 20698453 | 66,95 | 300518
0207
] {
o ] I|
< 0,159 .'
0,10 | \
] \
0,051 \ '
000} —— < 7 =
1500 1600 1700 1800 1900 2000 2100 2200 2300 2400
Minutes
Scheme S.1a, switch: - 43% e.e.(S)
o] /Q Peak Results
] i \ Name | RT Area | % Area | Height
=\
il [\ 1 17,592 | 11550311 | 71,55 | 208457
0,151 |
1 ' ' 2 19,727 | 4593674 | 2845| 740338
|
2 o0 | &
] | -
|
] |I
0,05 ||' \ \
: .'II \-—v— .
D.DO- / - T e -
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Minutes

Stereochemical switch during the conversion of 1-(4-biphenylyl)ethanone (Scheme S.1b): A test
tube was loaded with Cu(OAc),-H,0 (1.0 mg, 3.0 mol%) and BTAP"" (6.9 mg, 6.0 mol%) in dry THF
(500 pL) and the mixture was stirred for 30 minutes. The solvent was removed under vacuum and the
test tube was further put under vacuum (1.10 mbar) for 1 hour. Then 1-(4-biphenylyl)ethanone (34.0
mg, 0.17 mmol) was added before flushing the tube with argon for 10 seconds. BTA (R)-Cha (2.6 mg,
1.3 mol%) and BTA (S)-Cha (10.3 mg, 5.3 mol%) in 80 pL of dry toluene was added to the test tube as

well as dry toluene in order to get a total volume of 590 pL. The mixture was stirred for 15 min at room
temperature. The mixture was cooled to -25 °C and further stirred for 15 min and then PhSiH3 (21.0 uL,
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0.17 mmol) was added. The mixture was stirred for 30 minutes, an aliquot was taken up and hydrolyzed
(step 1) and BTA (R)-Cha (38.9 mg, 20.0 mol%) in 200 pL of toluene was added. The reaction mixture

was stirred overnight and the typical work-up procedure was followed (step 2).
HPLC analyses

Scheme S.1b, aliquot (step 1): +40% e.e. (R)

0_040—3 ‘,E \
] [& Peak Results
0,035 [
1 Name RT Area % Area | Height
0,030
] < 1 17,514 | 1301572 | 29,88 | 18562
0,025 o
S ] ~ 2 19,716 | 3054388 | 70,12 | 40829
< 0,020 AN
] /N
0,015 AN
0,005 J ' o
0,000 7~ — — T -
1500 1600 1700 1800 1900 2000 21,00 2200 2300 2400
Minutes
Scheme S.1b, final: -27% e.e (S)
=] l..'a‘\_\
o [\ Peak Results
0,30 [T\ Name | RT Area | % Area | Height
0,257 2 1 17,539 | 29720762 | 63,49 | 375367
©
[=2]
- o20] __ T 2 19,639 [ 17088198 | 36,51 | 192411
z \ T
0,157
0,107 \
0,057 )
.4/'; B -
0,00 _ > . —
15,00 o IGI‘DU o ‘IFHDU‘ I 18!05 I WEIEDU‘ ‘ 20‘.00 - EI!EIC; I IQZ![]D‘ ‘23!00 I ‘24!00 o

Minutes

Copper-catalysed hydrosilylation of 1:1 mixture of 1-(4-nitrophenyl)ethanone and 1-(4-
biphenylyl)ethanone (Table S.5, Figure 1c): A Schlenk tube was loaded with Cu(OAc)2-H,0 (1.0 mg,
3.0 mol%) and BTAP™ (6.9 mg, 6.0 mol%) in dry THF (500 pL) and the mixture was stirred for 30
minutes. The solvent was removed under vacuum and the Schlenk tube was further put under vacuum
(1.10° mbar) for 1 hour. 1-(4-nitrophenyl)ethanone (28.0 mg, 0.17 mmol) and 1-(4-biphenylyl)ethanone
(34.0 mg, 0.17 mmol) were added before flushing the Schlenk tube with argon for 10 seconds. BTA
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(R)-Cha (2.6 mg, 1.3 mol%) and BTA (S)-Cha (10.3 mg, 5.3 mol%) in 200 pyL of dry toluene was
added to the Schlenk tube as well as dry toluene in order to get a total volume of 590 pL. The mixture
was stirred for 15 min at room temperature. The mixture was cooled to -25 °C and further stirred for 15
min and then PhSiH3; (42.0 pL, 0.34 mmol) was added. The mixture was stirred for 2 minutes (step 1)
and then BTA (R)-Cha (38.9 mg, 20.0 mol%) in 200 pL of toluene was added. The reaction mixture

was stirred for 12 h (step 2) and the typical work-up procedure was followed.

GC analyses. GC analyses below have been performed under conditions for which the
enantiomers of 1-(4-nitrophenyl)ethanol and 1-(4-biphenylyl)ethanol are not perfectly separated, yet it
indicated the configuration of the major enantiomer obtained and was thus a good demonstration of the
success of the selectivity switch. The enantiomeric excesses (indicated above peaks) were precisely
measured using adequate separation conditions for 1-(4-nitrophenyl)ethanol and 1-(4-
biphenylyl)ethanol (page S.18). The peak at 26.8 min corresponds to 1-(4-biphenylyl)ethanone.

Table S.5, entry 1:

Peak RetTime Type Width Area Height Area
#  [min] [min] [pA*s] [pA] %
- l----1------- l---------- l---------- l-------- | H
1 18.242 MF 9.2380 460.95221 33.48541 26.70793 1'(4'b|pheny|y|)ethan0|
2 18.841 FM 9.2372  75.29533 5.29038 4.36267 o
3 29.493 MF 9.1721 729.81598 70.69049 42.28611 +38% (R)
4 29.759 FM ©.2324 459.83664 32.97412 26.64329 g &
] ;@ﬂ
1-(4-nitrophenyl)ethanol ‘
+77% (R)
4“% g @“@ ‘ éﬁ;
] o g
] ﬁfvf’ &a
30 \l ﬂ|
20 “I '
& |
10 "‘ 3 a;“'@ ‘.
! I "
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T T T T T T T T T
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Table S.5, entry 2:

Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pAl %
el EEEEEES I ERETR |-=mmmeees | mmmmeee |-nmeee | -
1 18.347 MM 0.1500  48.17480 5.35189 3.@5227 1-(4-b|phenylyl)ethanol
2 18.716 MM 0.2320 415.54865 29.85732 26.32844 -459%, (5)
3 29.535 MF 0.1216 242.67874  33.25002 15.3757@ -
4 29.728 FM 0.2286 871.92413  6£3.56655 55.24359 N 1\@'
60 ?&é.'b
. 1-(4-nitrophenyl)ethanol
-79% (S) .
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40 @o;?‘:’ -_'VQ(?
‘lE e Ll
i N
3D—_ T?s ‘
] | \
20—_ \
] e |
10 5 Kt \
] ! \
] M \\
Ot J,\\. \ __J _—
1|ﬂ 17I 3 1I‘u 1?‘ L 7‘(! ??I 3 7|5 77‘ L T’E‘ﬂ
Table S.5, entry 3:
Peak RetTime Type Width Area Height Area .
#  [min] [min] [pA*s]  [pA] % 1-(4-biphenylyl)ethanol
R R [-=--mmne- [-=------- [-------- I 0
1 18.421 MM 8.1918 272.80754  23.63385 23.28780 -34/3 (5)
2 18.986 MM 0.1799 41.179%62 3.81563 3.52557 2 5
3 29.649 MF 8.1261 236.66132  31.28087 20.26165 %.3:(\
4 29.853 FM 0.2130 618.17761  48.36099 52.92498 v‘da
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Table S.5, entry 4:

Peak RetTime Type Width Area Height Area .
o fum Imm G WM % 1-(4-biphenylyl)ethanol
1 18.542 MM ©.1616 34.87117  3.59671 4.43860 +30% (R)
2 18.979 MM ©.2011 187.59395  15.54638 23.83501
3 26.877 MM ©.1482 249.10402  28.01308 31.65025 E @
4 29.694 MM  ©.2670 315.48309 19.69057 48.08414 s
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Chapter 3 Modulation of catalyst enantioselectivity through

reversible assembly of supramolecular helices

Abstract: A multi-configurable catalyst, for which the degree of enantioinduction in successive
reactions is varied between 6% e.e. and 52% e.e., is achieved by supporting copper centres at the
periphery of supramolecular helices. Precise characterization of the co-assemblies corroborates the
relation between helices length and catalyst selectivity. This work was published as Chem. Commun.
2019, 55, 2162-2165 (Yan Li, Xavier Caumes, Matthieu Raynal and Laurent Bouteiller.) , and was

reported here as published with formatting to match with the rest of the thesis.
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| Introduction

External triggers such as light, redox potential, chemical species or mechanical energy emerged
as a new strategy to control chemical processes.’* Temporal control of chemical reactions has been
achieved by toggling a catalyst back and forth between its active and inactive states. This switchable
capacity of the catalyst is exploited in the realm of sequential reactions, e.g. allowing to finely control
polymerization processes®’ or tandem reactions.2® Much less effort has been devoted to the design of
stimuli-responsive asymmetric catalysts.’® Predictable control of the stereochemical direction for a

single catalyst is achieved by supporting intrinsically achiral centres on a chirally-switchable platform

11-15 17-19

such as overcrowded alkenes, stereodynamic ligands,*® redox-configurable copper complexes,

foldamers?® or polymers.?*® Alternatively, chemical additives,**** light** and redox potential®* were

employed to improve the degree of enantioinduction,®

including a recent example of a rationally-
designed asymmetric auto-inductive process.®® However, implementation of these elaborated catalytic
systems in consecutive reactions or polymerization reactions will require a better control of their
dynamic properties. Molecular catalysts for the preparation of atactic isotactic multi stereoblock
copolymers are sparse®’ and, in that regard, establishing the design elements for a dynamic and multi-

configurable catalytic system will constitute an important advance.

In parallel, the reversible and dynamic properties of supramolecular chiral assemblies®®** have
been exploited in asymmetric catalysis.*® We previously demonstrated that a significant degree of
enantiocontrol can be achieved by supporting metal catalytic centres at the periphery of the helical
assemblies formed by benzene-1,3,5-tricarboxamide monomers (BTA).?® **2 Co-assembly between an
achiral BTA ligand and an enantiopure BTA co-monomer into homochiral helices allows real-time
control of the enantioselectivity. The stereochemical direction and the degree of asymmetric induction
of the catalytic reaction are related to the handedness and the optical purity, respectively, of the helical
BTA assemblies. For further development of this new class of catalysts, it is of utmost importance to
probe how the enantioselectivity is affected by the average length of the helices. Herein, we show that
reversible assembly of BTA monomers into helices of different length constitutes a simple method to

vary the degree of enantioinduction of a catalytic reaction (Chart 1).
Il Results and discussion

The preparation of BTA helices of controlled sizes is hampered by the dynamic character of the

assemblies. Moreover, hydrogen-bonded supramolecular polymers form one-dimensional assemblies
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whose stability are particularly sensitive to the environment.** Anions have notably been used to reduce
the chain length of urea-based supramolecular polymers without affecting their structure.** Therefore,
we envisioned that the length of BTA assemblies could be modulated in a reversible manner by first
adding an anion and then removing it, e.g. through a salt metathesis reaction leading to its co-
precipitation with a cation (Chart 1).*

To implement our concept, we chose as a reference the catalytic mixture composed of an achiral
BTA ligand BTA"™" (6 mol%) an enantiopure co-monomer BTA (R)-Cha (6.6 mol%),
[Cu(OAC)2'H,0] (3 mol%) and PhSiH; since it furnished the hydrosilylation product of 1-(4-
nitrophenyl)ethanone (NPnone) with significant enantioselectivity (54+1% e.e. at 293 K in toluene).?
combination of spectroscopic analyses and catalytic experiments indicated that the chirality of the co-
monomer controls the handedness of the helices and thus the stereochemical direction of the
hydrosilylation reaction. Two preliminary experiments now confirm that the size of the BTA assemblies
also affects the level of asymmetric induction (Table S1, ESIT): (i) in THF, BTAs are molecularly
dissolved and no selectivity is observed, and (ii) when the reaction is conducted with a concentration in
BTAPP™ close to its critical concentration in toluene, the selectivity is significantly decreased (19%
e.e.). In the latter case, it is likely that at this concentration the assemblies are too short to arrange all the

copper centers in a suitable chiral environment.
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?H{'yg&q [Cu]—L—ﬁfV\/\J disassembly

"y B (+ TPPCI)
— >

—
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L 2 Ry h
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R = CgHy, BTAPPHZ n=5 n=1
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Chart 1 Schematic representation of the present concept. Supramolecular helices, formed by co-
assembly between an achiral BTA ligand (BTA”™) coordinated to Cu and an enantiopure BTA co-
monomer (BTA (R)-Cha), are shortened and lengthened reversibly by means of an appropriate
combination of salts. This schematic representation of the co-assemblies is supported by analytical data
but the coordination mode of Cu and the fraction of coordinated PPh, groups in the co-assemblies are

not known.
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Fig. 1 Enantioselectivity as a function of the amount of TPPCI. See the precise conditions in Table S.1.
Conversions (after 1h): >99% (0 and 0.3 equiv. of TPPCI), 97% (0.5 equiv.), 91% (0.75 equiv.), 75%
(0.85 equiv.) and 63% (1.0 equiv.).

We next investigated the influence of TPPCI (tetraphenylphosphonium chloride) on the
performance of the catalytic system of reference (Fig. 1).**" The first (unanticipated) effect is the
slowdown of the reaction rate: the higher the amount of TPPCI, the lower the rate (Table S1). Whilst the
origin of this negative effect of chloride anions on the reaction rate has not been established for the
present case, inhibition of metal-catalysed reactions by soluble halogen anions has some precedent in
the literature.*®** The decreased rate for the non-selective state of the supramolecular catalyst is not
detrimental since good conversions can be achieved by increasing the amount of silane and the reaction
time (vide infra). The second (anticipated) effect is a gradual decrease of the enantioselectivity as a
function of the amount of chloride anions in the catalytic mixture: from 44% e.e. (0.3 equiv. relative to
BTAPPh2) to 0% e.e. (1.0 equiv.).} The fact that a high content of TPPCI relatively to BTAPPh2 is
required to completely erase the selectivity suggests that the length of the assemblies should be
shortened down to very short aggregates to be non-selective (vide infra). It is interesting to note that
TPPCI does not act as dual on-off selectivity switch but rather allows programmable modulation of the
degree of enantioinduction (signal output) in between fully racemic, and optimal enantiomeric

preference (53% e.e.) by simply changing the concentration of TPPCI (signal input).

The nature of the co-assemblies formed between BTAP™™ and BTA (R)-Cha in toluene and
their reversible assembly have been precisely characterized by means of Fourier-Transform Infrared
(FT-IR), Nuclear Magnetic Resonance (NMR), Small Angle Neutron Scattering (SANS) and Circular

Dichroism (CD) analyses. The “pristine” co-assemblies, i.e. in absence of any additives, are very long
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(DP, = 250), stack with a single molecule in the cross-section and contain approximately two BTAPP"
molecules for one BTA (R)-Cha (Figs. S1-S2). They form homochiral left-handed helices as deduced
from CD analysis (Fig. 2b).?° The coordination of BTA”" to copper does not significantly change the
structure of the helical co-assemblies (Fig. S4). However, both SANS (Fig. S5) and FT-IR (Figs. 2a)
analyses confirm that the length of the co-assemblies is drastically decreased in presence of 1.0 equiv.
of TPPCI. Notably, in FT-IR, the bonded amide band is reduced whereas the free amide band is
increased in presence of TPPCI (green arrows in Fig. 2a). Deconvolution of the ester C=0 and amide
C=0 bands yields an estimation of DP,, = 2 for the average length of the co-assemblies in presence of
1.0 equiv. of TPPCI (Fig. S7). The absence of an Induced CD (ICD) signal50 for this mixture (Fig. 2b)
corroborates the fact that these objects are likely too small to adopt a helical configuration and explains

the absence of selectivity for the catalytic reaction (vide supra).

NaNTf, (Tf=triflimide) was selected to trigger the metathesis reaction because of the weak
coordination ability and the known chemical stability of the NTf, anion.® NaNTf, is introduced in
solution in acetone as we observe a good solubility of this salt in the three-solvent mixture
(toluene:DCM:acetone 15:1:1). In these conditions, reassembly is evidenced by the increased intensity
of the bonded amide band and the decreased intensity of the free amide band (wine arrows in Fig. 2a).
Also, this sample exhibits a significant ICD signal (Fig. 2b) which infers that the ligand has recovered a
chiral environment.

—TPPCLDR, 2, n2
= + TPPCI'+ NaNTF, 6 <DP, < 15, “run 3"

= +DCM+ acetone, 6 < DP, < 22, “run 3 without salts™

free bonded
a) amide C=0 amide C=0

0.8 204

(=2
-

0.6

0.4 4
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molar CD (L.mol".cm™)
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Fig. 2 Characterization of the reversible assembly of supramolecular helices. FT-IR (a) and CD (b)
analyses of the co-assemblies in absence and presence of salts (293 K). The concentrations in ligand and
co-monomer are close to those of catalytic experiments indicated in red. The DP, values have been
estimated by means of SANS and FT-IR analyses (Figs. S1 and S7). In the FT-IR spectra, both dimers
of BTA (R)-Cha>*>* and stack ends contribute to the free amide C=0O band. The observed CD signal
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Fig.3 Modulation of the enantioselectivity of the supramolecular catalyst involved in the hydrosilylation
of several equivalents of NPnone added sequentially in the reaction mixture. Top: description of the
run. TPPCI and NaNTf, are added as solutions in DCM and acetone, respectively so that the solvent
nature is: toluene (run 1), toluene:DCM 15:1 (run 2), toluene:DCM:acetone 15:1:1 (run 3),
toluene:DCM:acetone 15:2:1 (run 4) and toluene:DCM:acetone 15:2:2 (run 5). Bottom:
enantioselectivity obtained for each run. Conversions: 99% (run 1), 86% (run 2), 89% (run 3), 53% (run
4) and 84% (run 5). Double arrows represent the selectivity obtained in the same solvent but in absence

of salts. For the determination of the e.es. and the conversions, see Table S3.

The above experiments have established the use of TPPCI (1.0 equiv., added as a solution in
DCM) and NaNTf, (1.0 equiv., added as a solution in acetone) as a suitable combination of salts for the
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reversible assembly of the supramolecular helices. We thus investigated whether this strategy can be
used to switch the enantioselectivity of our catalytic system of reference. Sequential additions of
NPnone, silane and salts (Fig. 3 top) have been performed in the following order: no salt (run 1), TPPCI
(run 2), NaNTf; (run 3), TPPCI (run 4) and NaNTf; (run 5). An excess of silane has been engaged and
the reaction times have been adapted so that a conversion superior or equal to 84% was achieved for
each run (except for run 4, conversion=53%). The enantiomeric excess for each run was calculated from
the cumulated e.e. obtained by chiral GC analyses of the aliquots as detailed in Table S3. As shown in
Fig. 3, the state of the supramolecular copper catalyst is alternatively selective (29-52% e.e.) and poorly
selective (0-6% e.e.). More precisely, a significant decrease of the enantioselectivity is found for the run
2 (6x1% e.e.) and run 4 (0£5% e.e.), as a result of the disassembly of the supramolecular helices
supporting the catalytic centres in presence of TPPCI. The selectivities of run 3 (43+£1.5% e.e.) and run
5 (291£5% e.e.) are significantly higher than those of run 2 and run 4, which corroborates the reversible
assembly of the BTA helices and validates our concept. We were intrigued by the decreased selectivity
for run 3 and 5 compared to run 1 and therefore investigated its origin. After reassembly (in presence of
TPPCI and NaNTf,, run 3), the co-assemblies have DP, in between 6 and 15 much lower than that of
“pristine” co-assemblies (run 1, DP, = 250) as evidenced by FT-IR analyses (Fig. 2a). In fact, this
shortening of the helices is mostly due to the presence of co-added solvents (DCM and acetone) as
demonstrated by: (i) control catalytic experiments in absence of TPPCI and NaNTf, (double red arrows,
Fig. 3) which provide roughly the same selectivity for run 3 and 5, (ii) the fact that, in
toluene:DCM:acetone 15:1:1, the FT-IR, NMR and CD spectra of the co-assemblies in absence or
presence of TPPCI and NaNTf, are similar (Figs. 2 and S7). This substantiates the efficiency of the
metathesis salt reaction and infers that full reassembly is hampered by the competitive and polar nature
of the solvents employed to dissolve the salts. Interestingly, the selectivity decrease (19%) observed
after a single disassembly/reassembly switch (from 52% e.e. for run 1 to 43% e.e. for run 3) correlates
well with the lower intensity (25%) of the ICD signal measured for co-assemblies in presence of the salt
mixture and the co-solvents (Fig. 2b). There is thus a good correlation between the average length of the
assemblies, the chiral environment of the ligand and the selectivity of the reaction (Table S2). For the
present catalytic system, the critical length of the supramolecular helices required to locate most of the
copper centres in a chiral environment suitable for asymmetric induction is thus in the range of a ten

monomers.
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111 Conclusion

In conclusion, a multi-configurable catalyst is obtained by reversibly shortening and lengthening
the supramolecular helices formed by assembly of BTA monomers. This can undoubtedly be extended
to other families of hydrogen-bonded supramolecular polymers and organogels with the aim of tuning
their macroscopic properties. Further progress in the design of such functional supramolecular
assemblies is required for the implementation of more efficient smart systems in the field of switchable

catalysis.
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Chart S1 a) Chemical structures of the BTA molecules investigated in this study. b) Representation of
the rod-like co-assemblies between BTAPP" and BTA (R)-Cha. The ratio ligand: co-monomer (= 2:1)
reflects the composition determined by analytical techniques (see below). It provides predominantly the
(S) product in the hydrosilylation of the 1-(4-nitrophenyl)ethanone.? (The distribution of the two BTAs
along the rod is not known as well as the coordination mode and the fraction of coordinated PPh,

groups in the co-assemblies).
General Procedures.

BTA™" 2 and BTA (R)-Cha,*® were prepared according to published procedures. PhSiHs;
(>97%, Sigma-Aldrich), Cu(OAc),'H20 (>99%, Sigma-Aldrich), 1-(4-nitrophenyl)ethanone (NPnone,
>08% Alfa Aesar), TBANTf, (purity> 99%, Fluka) and NaNTf, (purity> 98%, Fluorochem) were
stored under vacuum prior to use. Dried solvents were obtained from an SPS solvent purification system
(IT-Inc).
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Fourier-Transform Infrared (FT-IR) analyses: FT-IR measurements were performed on a Nicolet

iIS10 spectrometer. Spectra were measured in 0.02 cm pathlength CaF, cells at 293 K and were

corrected for air, solvent and cell absorption.

Deconvolution procedure for quantitative analysis of FT-IR spectra - determination of f Cha in
stacks and DP, (Figs. S2 and S7): The bands corresponding to ester C=0 (1717-1753 cm™) and amide
C=0 (1627-1680 cm™) in the FT-IR spectra of different samples (BTA (R)-Cha, BTA”" co-
assemblies with and without salts) are deconvoluted simultaneously into two Gaussian peaks and three
Gaussian peaks respectively. The procedure yields five bands with the same position and width for each
sample but with different intensities: free ester (%1745 cm™), bonded ester (=1725 cm™), free amide
(=1671 cm™), bonded amide peak 1 (=1650 cm™) and bonded amide peak 2 (%1635 cm™). The molar
extinction coefficients of the bonded amide peak 2, the free amide peak and the bonded ester peak were
obtained from the individual spectra of BTA?™™ and BTA (R)-Cha. Then, the fraction of BTA (R)-

Cha in stacks (f Cha in stacks) and the DP, values are obtained by means of the following formula:

area of bonded ester band
[BTA Cha dimers]=

Ebonded ester X pathlength

[BTA Cha in stacks] = [BTA Chalo — [BTA Cha dimers]

[ETA Cha in stacks]

f Cha in stacks =
ain stacks [BTAPFR2]g + [BTA Cha in stacks]

area of bonded amide bands 1 and 2

Ebonded amide X pathlength

[bonded amide functions] =

area of free amide band

fi ide funct =
[free amide functions] Bfreeamide ¥ pathlength

[stack end] = [free amide functions] — [BTA Cha dimers]

[bonded amide functions]
[stack end ]

DPa=1+

with [BTA Cha], and [BTA""], the introduced amount of the respective monomers in the
MIXtUre. €ponded esters Ebonded amide aNd Efree amide are the molar extinction coefficients of the corresponding
functions. Low values for [stack end] (and thus large values for DP,) cannot be reliably determined by

this approach.
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Circular_dichroism (CD) analyses: CD measurements were performed on a Jasco J-1500

spectrometer equipped with a Peltier thermostated cell holder and Xe laser. Data were recorded at 20°C
with the following parameters: 20 nm.min* sweep rate, 0.05 nm data pitch, 2.0 nm bandwidth, and
between 400 and 270 nm. Toluene and cell contributions at the same temperature were subtracted from
the obtained signals. A dismountable quartz cell of 0.01 mm pathlength was used. For all samples, LD
contribution was negligible (ALD < 0.005 dOD) and the shape of the CD signal was independent of the
orientation of the quartz slide. Molar CD values are reported in L.mol *.cm™ and are expressed as
follows: Ae=60/(32980xIxc) where 0 is the measured ellipticity (mdeg), | is the optical path length in cm,

and c is the concentration in mol.L™.

Small-angle neutron scattering (SANS) analyses: SANS measurements were made at the LLB

(Saclay, France) on the PA20 instrument, at three distance-wavelength combinations to cover the
2.4x10° to 0.46A™ g-range, where the scattering vector q is defined as usual, assuming elastic
scattering, as q=(4=n/A)sin(8/2), where 0 is the angle between incident and scattered beam. Data were
corrected for the empty cell signal and the solute and solvent incoherent background. A light water
standard was used to normalize the scattered intensities to cm™ units. The data was fitted with the
DANSE software SasView. The number n of molecule in the cross-section can be derived from n, (the
number of molecule per unit length)>® by assuming an average intermolecular distance of 3.62 A, which

is the usual spacing between aromatic rings in BTA helical assemblies.

Preparation of BTA solutions for CD (Fig. 2b), NMR (Figs. S3 and S8) and FT-IR (Figs. 2a, S7

and S2) analyses of the co-assemblies without Cu: The concentrations are close to those employed in

the catalytic experiments. A stock solution (6.0 mL) was prepared by dissolving BTAP"" (16.7 mM)
and BTA (R)-Cha (18.4 mM) in C;Dg. The vial was sealed with a PTFE-coated cap to avoid
contamination from leaching plasticizer, gently heated for ensuring dissolution and placed on a shaking

table for 12 h. Four samples were prepared from the same stock solution:

“pristine” _co-assemblies: a given amount of this stock solution was directly used for analyses
(298 K).

co-assemblies + TPPCI: TPPCI (1.0 equiv. relatively to BTA™"?) dissolved in CD,Cl, (40 pL)
was added to an aliquot (600 pL) of this stock solution, the solution was stirred for 1 hour, and a given

amount was taken for analyses.
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co-assemblies + TPPCI + NaNTf,: TPPCI (1.0 equiv.) dissolved in CD,Cl, (40 pL) and
NaNTf, (1.0 equiv.) dissolved in acetone-ds (40 pL) were added to an aliquot (600 pL) of the stock

solution, the solution was stirred for 1 hour, and a given amount was taken for analyses.

co-assemblies + DCM + acetone: CD,Cl, (40 pL) and acetone-ds (40 pL) were added to an

aliquot (600 uL) of the stock solution, the solution was stirred for 1 hour, and a given amount was taken

for analyses.
All samples were heated prior to analysis

Preparation of BTA solutions for NMR (Fig. S4a) and FT-IR (Fig. S4b) analyses of the co-

assemblies with Cu: The concentrations are close to those employed in the catalytic experiments.

Sample “pristine co-assemblies-Cu”: A stock solution (3.0 mL) was prepared by dissolving BTAP""?
(16.7 mM), Cu(OAc),-H,0 (8.35 mM), and BTA (R)-Cha (18.4 mM) in THF and stirring for 12 h. The
THF was removed under vacuum and the obtained solid was dried for 1 h. C;Dg (3.0 mL) was added

and the mixture was stirred for 12 h. The sample was heated prior to analysis.

Preparation of BTA solutions for SANS analyses - characterization of the co-assemblies (Fig.
S1): Three samples were prepared by dissolving BTA”" (5.98 g.L-1, 8.6 mM), BTA (R)-Cha (19.9
g.L-1, 16.9 mM), and a mixture of BTA?™" (3.98 g.L-1, 5.8 mM) and BTA (R)-Cha (4.39 g.L-1, 3.7
mM) in C7D8.

Preparation of BTA solutions for SANS analyses - addition of salts (Fig. S5): A stock solution A
was prepared by dissolving BTA?™ (41.0 mg) and BTA (R)-Cha (45.0 mg) in 4.088 g of THF. A
stock solution B was obtained by dissolving CuOAc-H,0 (3.95 mg) in 2.698 g of stock solution A.

Three samples were prepared from stock solution B:

SANS co-assemblies-Cu: 399.8 mg of stock solution B was taken, the solvent was removed

under vacuum and the tube was further put under vacuum (1x10° mbar) for 1 hour. 939.7 mg of C;Dg

was added and the vial was sealed with PTFE-coated cap and placed on a shaking table for 12 h

SANS co-assembliesCu + TPPCI: 1.097 g of stock solution B was added to a vial containing

TPPCI (7.10 mg). The mixture was stirred for 1 h, the solvent was removed under vacuum and the tube
was further put under vacuum (1x10° mbar) for 1 hour. 2.600 g of C;Ds was added and the vial was

sealed with PTFE-coated cap, gently heated to ensure dissolution and placed on a shaking table for 12 h
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SANS co-assemblies-Cu + TPPCI + NaNTf,: 1.097 g of stock solution B was added to a vial
containing TPPCI (7.03 mg) and NaNTf, (4.73 mg). The mixture was stirred for 1 h, the solvent was

removed under vacuum and the tube was further put under vacuum (1x10° mbar) for 1 hour. 2.596 g of
C;Dg was added and the vial was sealed with PTFE-coated cap, gently heated to ensure dissolution and
placed on a shaking table for 12 h.

All samples have been heated prior to analysis. The concentrations of the different components
for the three samples are indicated in Fig. S5. These samples have also been analysed by FT-IR (Fig.
S6).

Chiral GC analyses: 1-(4-nitrophenyl)ethanol (NPnol). The optical purity was determined by GC
analysis: Chiral Cyclosil-B column, 30 m x 250 pum x 0.25 pm, inlet pressure = 12.6 psi. Injection
temperature = 250°C; detector temperature = 300°C; column temperature = 145°C. Retention time: 17.9

min (1-(4-nitrophenyl)ethanone), 47.6 min ((R)-enantiomer), 49.9 min ((S)-enantiomer).>®
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Catalytic experiments: see detailed procedures in page S-21.

Evaluation of salts and solvents in catalysis (Table S1)

Table S1 Influence of solvent, concentration and salts on the selectivity of the catalytic co-

assemblies for the copper-catalysed hydrosilylation of 1-(4-nitrophenyl)ethanone (NPnone)

i) Cu(OAc),.H,0 (3.0 mol%)
BTAPP"2 (6.0 mol%)
BTA (R)-Cha (6.6 mol%)
o salt (x equiv. relatively to BTAPPh2) oH

solvent, 293 K
if) PhSiH3 (200 mol%) =
O,N O,N

100 mol% i) HCI
entry solvent [NPnone] salt/equivalent FOnVERIon S 1y

(%, after 1h) (ee)

1 toluene 0.28 M - >99 54+1%

2 THF 0.28 M - >99 0

3 toluene 0.008 MI - nd 19

4 toluene:DCM 15:1 0.26 M TPPCI/0.3 >99 44

5 toluene:DCM 15:1 0.26 M TPPCI/0.5 97 40

6 toluene:DCM 15:1 0.26 M TPPCI/0.75 91 23

7 toluene:DCM 15:1 0.26 M TPPCI/0.85 75 8

8 toluene:DCM 15:1 0.26 M TPPCI/1.0 63 0

9 toluene 0.28 M NaCl/1.0 >99 53

10 toluene 0.28 M TBANTf,/1.0” >99 51

Reaction conditions: 1-(4-nitrophenyl)ethanone (NPnone), Cu(OAc),"H,0 (3.0 mol%), BTA™" (6.0 mol%),
BTA (R)-Cha (6.6 mol%), PhSiH; (200 mol%), solvent, 293 K, 12 h. Conversion > 90% as determined by GC
analyses. The e.es. were determined by chiral GC analyses™ and are given with an error bar of +1.5% except for entry
1 +1%.% For reactions with TPPCI: TPPCI is introduced in DCM such as the solvent mixture for the catalytic
experiment is toluene:DCM 15:1. Nd : not determined. [a] [BTA™"™] = 0.5 mM which is close to the critical
concentration for self-assembly.”[b] TBANTf, and TPPNTf, (the latter being the salt generated upon the salt

metathesis reaction) are expected to behave similarly.
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Characterization of the “pristine” co-assemblies (Figs. 2, S1-S3).

The length of the co-assemblies at a concentration of [BTAP™] = 5.8 mM and [BTA (R)-Cha]
= 3.7 mM is determined to be 870 A, i.e. DP, = 125 by SANS (Fig. S1). For the catalytic experiments,
the concentrations are ca. 4 times higher ([BTA"] = 16.7 mM and [BTA (R)-Cha] = 18.3 mM), so
that a value twice higher is expected (DP, ~ 250).>” FT-IR measurements (Fig. S2) are in agreement
with this order of magnitude because the concentration of stack ends is too low to be determined. These
analyses also allow to determine a fraction of BTA (R)-Cha in stacks equals to 0.33. The co-assembly
process from monomers (378 K) to stacks (293 K) is probed by NMR (Fig. S3). Finally, CD analysis of
the co-assembly is consistent with the formation of homochiral left-handed helices (Fig. 2b).

10 5
15
e
L
= o014
BTA (R)-Cha
. BTAF‘PhZ
0.01—§ = SANS co-assemblies
1E-3 T i
1E-3 0.01

Figure S1 Characterization of the co-assemblies by SANS analyses (293 K, C;Dg). ]

[a] Composition and result of the fits (n: number of molecule in the cross-section):

) PPh2 bl length(A)/ f Chain
sample [BTA (R)-Cha]  [BTAP] r (&) n DPW&] rera
BTA (R)-Cha 19.9¢.L" - 12.0 - dimer
16.9 mM
PPh2 598¢9.L"
BTA 8.6 mM 111 0.7 420/120
SANS co- 439¢.L" 3.98¢g.L*
assemblies 3.7mM 5.8 mM 104 0.6 870/250 0.33
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[b] SANS data of BTA (R)-Cha is fitted according to the form factor for spherical objects. The
molar mass of the spherical object (M=1993 g/mol) is 1.7 times the molar mass of the monomer which
is consistent with BTA (R)-Cha being a dimer. This dimer was thoroughly characterized in our
previous reports.>>>* SANS data of BTA"" is fitted according to the form factor for rigid rods of finite
length with a circular cross-section and a uniform scattering length density. It gives a radius of 11.1 A, a
number of molecules in the cross-section n=0.7 (which is consistent with isolated stacks of BTAs) and a
length of 420 A (DP,~ 120). It was previously shown that BTA (R)-Cha in part co-assembles with
BTAPP" and that the remaining BTA (R)-Cha exists as dimers.?® Therefore, SANS data of the mixture
of BTAP™"2 and BTA (R)-Cha is fitted as the sum of the form factors for spherical objects and for rigid
rods of finite length. The latter yields a length of 870 A (DPy~ 250, DP,~ 125).>” The obtained volume
fraction of spherical objects yields the amount of BTA (R)-Cha present as dimers: 77% of BTA (R)-
Cha is incorporated into stacks which means that the fraction of BTA (R)-Cha in the stacks is 0.33 (f

SANS = 0.33). The radius (10.4 A) and number of molecules in the cross-section (n=0.6)

Cha in stacks
were extracted from this SANS curve after removing the contribution of dimers. These values are
consistent with the co-assembly being isolated stacks of BTA molecules. [c] In our previous
publication, the length determined by SANS for BTAP™" and for the mixture of BTAP"™ and BTA (S)-
Cha (Fig. S5 in ref [1])*° was under evaluated as a result of the interactions between objects at the

higher concentrations employed in these analyses.
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Figure S2 Characterization of the co-assemblies by FT-IR analyses (293 K, C;Dg). Top: Assignment of
the N-H and C=0 bands in the homo- and co-assemblies.>** Bottom: Deconvoluted FT-IR spectrum of

the co-assemblies (C=0 region).[? P

[a] Composition (The concentrations are close to those employed in the catalytic experiments.): BTA”™": [BTA""] =
16.7 mM, BTA (R)-Cha: [BTA (R)-Cha] = 18.4 mM, “pristine” co-assemblies: [BTA™"] = 16.7 mM, [BTA (R)-
Cha] = 18.4 mM. [b] Value obtained after deconvolution: f Cha in stacks™ '® = 0.33. This value is in good agreement
with that obtained previously by processing the N-H region of the FT-IR spectrum (f Cha in stacks ' "? = 0.35).” The
fact that SANS analyses (Fig.. S1) give the same value under different conditions is fortuitous. [c] The concentration
of stack ends is too low to be reliably determined so that the indicated DP, value is deduced from SANS analysis (Fig.

S1) by considering that the concentrations are here ca. 4 times higher.>’
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Figure S3 Characterization of the co-assemblies by *H and *'P{"H} NMR analyses. Sample “pristine”
co-assemblies at 378 K and 293 K (C;Dg)./ x = residual protons of C;Ds.

[a] Interpretation: At 378 K: the fact that the signals are well-defined is consistent with the
presence of a dissociated state in which all molecules are monomers (or weakly associated). Assignment
of the different protons has been made based on the *H NMR analyses of the individual molecules (data
not shown). At 293 K: the fact that the signals broaden upon lowering the temperature is indicative of
the formation of assemblies.®® °®® At this temperature, the observed signals are attributed to BTA (R)-

APP"2in the co-assemblies: all the

Cha and to the aryl rings connected to the phosphorus atoms of BT
others signals are too broad to be detected. We attribute the detected signals of BTA (R)-Cha to dimers
in equilibrium with the co-assemblies (stacks). The singlet corresponding to the PPh, group (**P{"H}

NMR analyses) also broadens upon formation of the assemblies.
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Characterization of the “pristine” co-assemblies coordinated to Cu (Fig. S4).

$IpfH} NMR analysis (Fig. S4a) of the BTAPP™-BTA (R)-Cha mixture in presence of
Cu(OAcC),-H,0 clearly shows two singlets: one (broad) corresponding to Cu coordinated to phosphine
(6 = -1.5 ppm) and one corresponding to free phosphine (3 = -5.5 ppm). This indicates that, in the co-
assemblies, only a fraction of the phosphine ligands are coordinated to Cu. *H NMR spectra of the
BTAPP™.BTA (R)-Cha mixture with and without Cu(OAc),-H,O are similar which shows that the
presence of Cu does not disturb much the aggregation. No significant change in the hydrogen-bond
network is observed either, upon coordination to Cu (FT-IR, Fig. S4b). SANS analysis reveals that the
presence of Cu does not significantly influence the composition and shape of the co-assemblies (see the
Table below and Fig. S4c). Co-assemblies with Cu are slightly longer which can be attributed to the fact
that the basic character (and thus the hydrogen bond competition) of the PPh, group is withdrawn upon
coordination. These analyses thus corroborate that the size of the catalytic helices can be roughly

estimated by determining the length of the co-assemblies without copper (Figs. S5 to S7).

Comparison of the geometrical features of the co-assemblies with and without Cu as deduced
from SANS analyses. "]

sample [BTA™?]  [BTAR)}Cha]  [Cu(OAdH.0] | r (AP  n length(A)/DP,, | i iain
) 3.98¢g.L" 439g.L*
SANS co-assemblies 58 mM 37 mM 104 0.6 870/250 0.33
_ 3.99¢g.L* 437g.L"! 058g.L?
SANS co-assemblies-Cu 577 mM 372 mM 290 MM 114 0.6 >1000/>280 0.34

[a] For comparing the SANS spectra, see Figure 4c. For the fitting procedure, see captions of
Figures S1 and S5. [b] The presence of copper does not modify significantly the structure of the co-
assemblies in term of dimensionality and composition. Co-assemblies with Cu are slightly longer which

can be attributed to the fact that the basic character of PPh, group is withdrawn upon coordination.
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Figure S4 (a) Coordination of copper to the co-assemblies probed by *H and 3P{*H} NMR.

Sample “pristine co-assemblies-Cu” analyzed at 293 K and comparison with sample “pristine co-

assemblies” (C;Dg). (b) FT-IR analysis of sample “pristine co-assemblies:Cu” and comparison with
sample “pristine co-assemblies” (C7Dg, 293 K). (c) SANS analysis of sample “SANS co-assemblies”

and comparison with sample “SANS co-assemblies-Cu”.
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Characterization of the co-assemblies in presence of additives at concentrations ca. 4 times

lower than those of catalytic experiments (Figs. S5-S6).

The influence of the salts on the nature of the co-assemblies is probed by SANS at
concentrations ca. 4 times lower than those employed in catalysis in order to avoid interactions between
objects (Fig. S5). In that specific conditions, the salts are poorly dissolved (no co-solvents). The co-
assemblies are almost fully disassembled (in presence of TPPCI) and partly reassembled (in presence of
TPPCI and NaNTf;). The SANS samples are analyzed by FT-IR and the resulting spectra are
deconvoluted (Fig. S6). It confirms that FT-IR analyses allow a valid estimation of the DP,, value of the

BTA co-assemblies.

10 5
: —— SANS co-assemblies.Cu
—— SANS co-assemblies.Cu + TPPCI + NaNTf2
14
‘Tﬁ 0.1 4
= 3
S
0.01 5
ol Ya 2¢
"
1E_3 T T llIlIII T T IIlIlII T .I I'Illl
1E-3 0.01 0.1

q (A"

Figure S5 SANS analysis of the samples “SANS co-assemblies-Cu”, “SANS co-assemblies-Cu +
TPPCI” and “SANS co-assemblies-Cu + TPPCI + NaNTf,” (293 K, C;Dg).lAHPHclld]
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[a] Composition:

r (AP length(Ay

sample [BTA™?]  [BTA(R)-Cha] [C”éoo”ic)z' [TPPCI]  [NaNT%] D pp,
2 w
. 403¢g.L*! 442g.L" 059¢g.L?
SANS co-assemblies-Cu 581 mM 3.76 MM 294 MM 11.4 >1000/>280
SANS co-assemblies-Cu + 3.99¢g.L"? 437g.L" 058g.L" 258¢gL* 257 5
TPPCI 5.77 mM 3.72mM 2.90 mM 6.88 MM
SANS co-assemblies-Cu + 400g.L* 438¢g.L? 058¢g.L* 255gL' 172¢gL* A1l 8
TPPCI + NaNTf, 5.77 mM 3.72mM 2.92mM 6.81 mM 5.66 mM
catalytic system
(Table S3, run 3) 13.8 mM 15.2 mM 6.9 mM 13.8 mM 13.8 mM
toluene:DCM:acetone 15:1:1

[b] The curves are fitted according to a form factor for rigid rods of infinite length (sample
without salt) or finite length (with salt) with a circular cross-section and a uniform scattering length
density. The weight-average degrees of polymerization (DPy,) are calculated by dividing the obtained
length by the distance between two BTAs in the stacks (= 3.5 A). It gives a length of 25 A (DP,, ~7) and
41 A (DP,, =11) for the sample with TPPCI and the sample with both TPPCI] and NaNTf;, respectively.

[c] Interpretation: The DP,, values are in qualitative agreement with a shortening and
lengthening of the assemblies but do not reflect the true length of the BTA assemblies during the
catalytic reaction given that the conditions for the SANS and catalytic experiments are very different.
Also, the poor solubility of NaNTf; in the conditions employed in the SANS analysis (pure C;Dg) may
explain the limited size of the objects formed upon reassembly. The DP,, value of the BTA co-
assemblies determined by SANS analyses correlates well with those obtained by deconvolution of the
FT-IR spectra (Fig. S6).

[d] Determined by deconvolution of the corresponding FT-IR spectra (Fig. S6).
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Figure S6 Deconvoluted FT-IR spectra of the solutions analyzed by SANS (Fig. S4). See the

precise composition and conditions of the preparation of the samples in Fig. $4.#!

[a] Values obtained after deconvolution: bonded amide peak 1 (v =1650 cm™, width=13 cm™), bonded amide peak 2 (v
= 1635 cm™, width=12 cm™, v =35090 L.mol™*.cm™), free amide (v =1672 cm™, width=7 cm™, v =40380 L.mol™".cm™),
bonded ester (v =1725 cm™, width=8 cm™, v =38560 L.mol™".cm™) and free ester (v =1746 cm™, width=6 cm™). The
obtained DP, values are indicated in red next to the title. [b] The fact that the values obtained from processing of the
FT-IR spectra are close to that determined by SANS (Fig. S4) confirm that our deconvolution procedure provides a
valid estimation of the DP,, values.
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Characterization of the co-assemblies in presence of additives at concentrations close to those of

catalytic experiments (Figs. 2, S7-S8).

The influence of the salts on the nature of the co-assemblies is probed by FT-IR (Figs. 2a and
S7) and NMR (Fig. S8) at concentrations close to those employed in catalysis. FT-IR analyses indicate
that the co-assemblies are disassembled in presence of TPPCI and partly re-assembled in presence of
both TPPCI and NaNTf; (see the changes in the intensities of free amide and bonded amide bands, Fig.
2a). NMR analyses are in agreement with these observations (Fig. S8). Deconvolution of the FT-IR
spectra allow the determination of the fraction of BTA (R)-Cha in stacks and an estimation of the DP,
values, the latter being in agreement with full disassembly and incomplete reassembly processes (Fig.
S7). The incomplete reassembly process is due to presence of acetone-ds and CD,Cl, as confirmed by
similar FT-IR and *H NMR spectra and estimated DP,, values for the samples in presence and absence
of TPPCI and NaNTf; analyzed in the same solvent mixture (C;Dg:CD,Cl,:acetone-dg 15:1).

Composition: “pristine co-assemblies” (“run 17”); [BTA™"] = 16.7 mM, [BTA (R)-Cha] =
18.4 mM, C;Dg; “co-assemblies + TPPCI” (“run 2”): [BTA?"] = 15.7 mM, [BTA (R)-Cha] = 17.3
mM, [TPPCI] = 15.7 mM, C;Dg:CD,Cl, 15:1; “co-assemblies + TPPCI + NaNTf,” (“run 3”):
[BTAPP"] = 14.7 mM, [BTA (R)-Cha] = 16.2 mM, [TPPCI] = 14.7 mM, [NaNTf,] = 14.7 mM,
C;Dg:CD,Cly:acetone-ds 15:1:1; “co-assemblies + DCM + acetone” (“run 3 without salts”):
[BTAP"] = 14.7 mM, [BTA (R)-Cha] = 16.2 mM, C;Dg:CD,Cl,:acetone-dg 15:1:1.
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Figure S7 Deconvoluted FT-IR spectrum of the samples “co-assemblies + TPPCI”, “co-
assemblies + TPPCI + NaNTf,” and “co-assemblies + DCM + acetone” (293 K).

[a] For samples “co-assemblies + TPPCI + NaNTf,” and “co-assemblies + DCM + acetone”, the presence of
acetone prevents the deconvolution of the ester C=0 bands A range of DP, values was determined by assuming two
extreme values of f Cha in stacks: 0.25, i.e. the value obtained upon full disassembly, and 0.33, i.e. the value in the
pristine co-assemblies. [b] Values obtained after deconvolution: bonded amide peak 1 (v=1650 cm™, width=8 cm™),
bonded amide peak 2 (v= 1635 cm™, width=10 cm™, v=31750 L.mol™*.cm™), free amide (v=1671 cm™, width=8 cm™,
v=34180 L.mol™.cm™), bonded ester (v=1725 cm™, width=8 cm™, v=28950 L.mol™.cm™) and free ester (v=1745 cm™,
width=7 cm™). These values are in agreement with those obtained by deconvoluting the FT-IR corresponding to the

samples analyzed by SANS (Fig. S5).
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Figure S8 'H and *'P{'H} NMR analyses of the samples “pristine co-assemblies”, “co-
assemblies + TPPCI”, “co-assemblies + TPPCI + NaNTf,”, and “co-assemblies + DCM + acetone”
(293 K).[x = residual protons of C;Dg, * = proton signals of TPPCI. For the sample “co-assemblies +
TPPCI” the proton signal labelled as * is downfield shifted to = 11 ppm. The *P signal of TPPCI (& ~

23 ppm) is not shown.

[a] Interpretation: 'H NMR analyses of the samples “co-assemblies + TPPCI”, “co-assemblies
+ TPPCI + NaNTf,” and “co-assemblies + DCM + acetone” can be interpreted in the same way as
that of sample “pristine co-assemblies” (see caption [a] in Fig. S3) with the exception that additional
signals corresponding to BTAP™ can be detected as a result of the decreased length of the co-

assemblies in these samples. In fact, the width of proton signal CH,™™"2

(surrounded in black) and of the
phosphorus signal of the PPh, group reflects the degree of polymerization which increases in the
following order: “co-assemblies + TPPCI” < “co-assemblies + TPPCI + NaNTf,” = “co-assemblies +

DCM + acetone” < “pristine co-assemblies”.
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Summary of the structural data and correlation between length and selectivity (Table S2).

Table S2 Structural data and relation between the selectivity and the length for the different

samples investigated in this study.

| Dp f Cha in e.e.
sample “run”
; " stacks™ 'Rl (%)
“pristine”
run 1 ~250t™ 0.33 51
co-assemblies
co-assemblies
run 2 =2 0.25 0-6
+ TPPCI
co-assemblies
run 3 6-15 0.25-0.33 43
+ TPPCI + NaNTf,
co-assemblies run3
6-22 0.25-0.33 37

+ DCM + acetone

without salts

[a] DP, and f Cha in stacks values were determined by FT-IR analyses unless otherwise stated.

[b] Deduced form SANS analysis (Fig. S1).
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Reversible switch of the selectivity (Table S3).

Table S3 Copper-catalysed hydrosilylation of 1-(4-nitrophenyl)ethanone with successive
additions of substrate, salt (TPPCI or NaNTf,) and PhSiH;.™!

i) Cu(OAC),.H,0 (3.0 mol%)

BTAPPh2 (6.0 mol%) [disassembly]
BTA (R)-Cha (6.6 mol%) iii)y TPPCI in DCM (1.0 equiv.), 2 min
toluene, 293 K, 15 min iv) NPnone (96 mol%),

PhSiH3 (400 mol%), 2 h O[R
o ii) PhSiHz (200 mol%), 10 min OR] iHg ¢ ) Rl

o ot
O2N O,N O,N

[reassembly]
v) NaNTf, in acetone (1.0 equiv.), 2 min

vi) NPnone (92.6 mol%)

NPnone, 100 mol%

[reassembly] [disassembly] PhSiHz (400 mol%), 2 h
on iX) NaNTf, in acetone (1.0 equiv.), 2 min vii) TPPCI in DCM (1.0 equiv.), 2 min
x) NPnone (100 mol%) ORI viii) NPnone (92.6 mol%) OIR]
/@/j\ PhSiH; (400 mol%), 15 h /@/\ PhSiH; (400 mol%), 65 h /@/\
cumulated conversion . .
cumulated X cumulated enantioselectivity
substrate conversion . . .. for the run
(subs® ) substrateb (cconv n) enantioselectivity (conv n) for the I’laln
(subs n)™® w050 (Ceen05% oo (e.e. n)¥
1 100 100 99 52 99 52+0.5%
2 96 97 93 31 86 6+1.0%
3 92.6 106.3 96 35 89 43+1.5%
4 92.6 104.1 87 29 53 0+5%
5 100 149.6 95 29 84 29+5%

[a] Reaction conditions: 1-(4-nitrophenyl)ethanone (subs® 1=100 mol%™™, subs’ 2 = 96 mol%"", subs® 3 =
92.6 mol%™™, subs® 4 = 92.6 mol%™™, subs® 5 = 100 mol%"™= 481.2 mol% in total), Cu(OAc),"H,0 (3.0 mol%),
BTAP™" (6.0 mol%), BTA (R)-Cha (6.6 mol%), PhSiH; (100 mol% for run 1 and then 400 mol% for run 2, run 3, run
4 and run 5 = 1700 mol% in total), TPPCI in 40 pL of DCM (1.0 equiv. relatively to BTA”™"for run 2 and 4), NaNTf,
in acetone (1.0 equiv. relatively to BTA " for run 3 and 5), toluene (600 pL), 293 K. Conversion (cconv n) and e.e.
(c e.e. n) for each run were determined by GC analyses of the aliquots (see pages S-20 to S-22). The conversion and

enantioselectivity for each run have been calculated as indicated below. [b] subs n =

subsOn +[(1—cconv (n—1)) x X subs0i] The amount of substrate is normalized to 100 for 27 mg

of 1-(4-nitrophenyl)ethanone (100 mol%).

cconv nx E?_, gubel i —E?__,"cnnv i weubei
conv n=— = =
[C] subz n

(ce.e.nx ¥ (subsi X convi)) — 2P }e.e.i x subsix convi)
g.8.n =
[d] conv n X subs n
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Catalytic experiments.

In all catalytic experiments a pre-catalytic mixture composed of the ligand, the enantiopure co-
monomer, the copper salt and the substrate was prepared as follows: a tube was loaded with
Cu(OAc),-H,0 (1.0 mg, 3.0 mol%) and BTAP™ (6.9 mg, 6.0 mol%) in dry THF (500 pL) and the
mixture was stirred for 30 minutes. The solvent was removed under vacuum and the tube was further
put under vacuum (1.10° mbar) for 1 hour. Then 1-(4-nitrophenyl)ethanone (28.0 mg, 0.17 mmol, 100
mol%) was added before flushing the tube with argon for 10 seconds. BTA (R)-Cha (12.9 mg, 6.6
mol%) in 100 pL of dry toluene was added to the tube as well as 500uL dry toluene. The mixture was

stirred for 15 min at room temperature.

Influence of the amount of TPPCI on the hydrosilylation of 1-(4-nitrophenyl)ethanone (Fig. 1,
Table S1): TPPCI (0.3-1.0 equiv. relatively to BTA™™") was dissolved in dichloromethane (40 pL),
added to the pre-catalytic mixture and the mixture was stirred for 20 seconds. Then, PhSiH3 (42.0 pL,
0.34 mmol, 200 mol%) was added and the reaction mixture was stirred for 12 hours before being

hydrolyzed with aqueous HCI and analyzed by chiral GC.

Hydrosilylation of 1-(4-nitrophenyl)ethanone with sequential additions of salt, substrate and
PhSiH; (Fig. 3, Table S3): A tube was loaded with Cu(OAc),-H,0 (1.0 mg, 3.0 mol%) and BTAP""
(6.9 mg, 6.0 mol%) in dry THF (500 pL) and the mixture was stirred for 30 minutes. The solvent was
removed under vacuum and the tube was further put under vacuum (1x10° mbar) for 1 hour. Then 1-(4-
nitrophenyl)ethanone (27.0 mg, 0.16 mmol, 100 mol%) was added before flushing the tube with argon
for 10 seconds. BTA (R)-Cha (12.9 mg, 6.6 mol%) in 100 pL of dry toluene was added to the tube as
well as 500 pL dry toluene. The mixture was stirred for 15 min at room temperature. PhSiH3 (42.0 pL,
0.34 mmol, 200 mol%) was added and the mixture was stirred for 10 minutes. An aliquot (40 pL) was
taken up, hydrolyzed with aqueous HCI and analyzed by chiral GC (run 1). TPPCI (3.7 mg, 1.0 equiv.
relatively to BTA”™") in dichloromethane (40 pL) was added and the solution was stirred for 2 minutes
before addition of 1-(4-nitrophenyl)ethanone (26.4 mg, 0.16 mmol, 96 mol%) and PhSiH;3 (84.0 L,
0.68 mmol, 400 mol%). The mixture was stirred for 2 h and an aliquot of 40 pL was taken up,
hydrolyzed with agueous HCI and analyzed by chiral GC (run 2). NaNTf, (3.0 mg, 1.0 equiv. relatively
to BTAPP™) in acetone (40 pL) was added and the mixture was stirred for 2 minutes before addition of
1-(4-nitrophenyl)ethanone (25.0 mg, 0.15 mmol, 92.6 mol%) and PhSiH3; (84.0 pL, 0.68 mmol, 400
mol%). The mixture was stirred for 2 hours and an aliquot of 40 pL was taken up, hydrolyzed with
aqueous HCI and analyzed by chiral GC (run 3). TPPCI (3.7 mg, 1.0 equiv. relatively to BTA™") in
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dichloromethane (40 pL) was added and the solution was stirred for 2 minutes before addition of 1-(4-
nitrophenyl)ethanone (25.0 mg, 0.15 mmol, 92.6 mol%) and PhSiH3 (84.0 uL, 0.68 mmol, 400 mol%).
The mixture was stirred for 65 hours and an aliquot of 40 puL was taken up, hydrolyzed with aqueous
HCI and analyzed by chiral GC (run 4). NaNTf, (3.0 mg, 1.0 equiv. relatively to BTA”") in acetone
(40 pL) was added and the mixture was stirred for 2 minutes before addition of 1-(4-
nitrophenyl)ethanone (27.0 mg, 0.16 mmol, 100 mol%) and PhSiH3 (84.0 pL, 0.68 mmol, 400 mol%).
The mixture was stirred for 15 hours, hydrolyzed with aqueous HCI and analyzed by chiral GC (run 5).
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GC analyses from the aliquots of the different run.

Table S3, run 1;

FID1 A, Front Signal (YAN LI\ YL...309 CAT183 188 186 144 145 SALT 2018-03-09 19-08-56\YL-CAT183 ALI-1.D)
pA ] & o

] s 6;\’1'

b ®  Peak RetTime Type Width Area Height Area
8- # [min] [min]  [pA*s] [pA] %

] 1 47.966 MM 9.7223 162.11067 3.74058 24.02100
7__ 2 50.126 MM 0.9753 512.76001 8.76225 75.97900
6 {
> A |

] § s
4 ;;'ée”'

3-: r

2 (

1 _—

o] : —— — i

s sy e S A S

46 47 48 49 50 51 52 53 mir|

Table S3, run 2:

FID1 A, Front Signal (YAN LI\ YL-20180309 CAT183 ALI-2 -7 2018-03-09 16-02-16\YL-CAT183 ALI-2.D)
pA S >
] 6;9"
101 L4
| Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pA] %
L B W L e P e ] ERR R R TS PESER e
1 q".:b ‘ 1 47.659 MF 0.8401 362.13730 7.18451 34.56329
8- % '? l 2 49.947 FM 1.0872 685.61401 10.51056 65.43671
| % ‘
] f
4
2 -
] /
0 _,.___—n_/ — s e T
1 T T T T T T T
46 47 48 49 50 51 52 53 miry
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Table S3, run 3:

FID1 A, Front Signal (YAN LI\ YL...309 CAT183 188 186 144 145 SALT 2018-03-09 19-08-56\YL-CAT183 ALI-3.D)
pA 1 ~ >
12 A
1 g
4 Peak RetTime Type Width Area Height Area
10 #  [min] [min]  [pA*s] [pA] %
1 & |\ el mmmeee S RSSSSeSE ISR
. @Q- 1 47.500 MF ©0.8332 405.03329 8.10150 32.41846
p § & 2 49.727 FM 1.1411 844.35760 12.33289 67.58154
8 ¢
G -~
4 —
2 -
0 —
L
——T T
46 47 48 49 50 51 52 53 mir|
Table S3, run 4:
FID1 A, Front Signal (YAN LI\ YL...309 CAT183 188 186 144 145 SALT 2018-03-09 19-08-56\YL-CAT183 ALI-4.D)
pA | >
] &
14 &
4 Peak RetTime Type Width Area Height Area
1 # [min] [min] [pA*s] [pA] %

1 47.215 MM 0.8924 596.81403
2 49.506 MM 1.2359 1081.13538

=

'S

11.14608 35.56806
14.57933 64.43194
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Table S3, run 5:

FID1 A, Front Signal (YAN LI\ YL...309 CAT183 188 186 144 145 SALT 2018-03-09 19-08-56\YL-CAT183 ALI-6.D)
o
pA _| >
. A
9

Peak RetTime Type Width Area Height Area
#  [min] [min] [pA*s] [pA] %
1 47.277 MM ©.8715 552.16882 10.56030 35.49783
2 49.620 MM 1.2110 1003.33118  13.80891 64.50217
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V -Additional material — not included in the publication

We have also probed the influence of various salts of the self-assemblies formed by a BTA of
reference, N,N’,N’’-trioctylbenzene-1,3,5-tricarboxamide (BTA C8, Fig. Al). We first probe the
hydrogen bond acceptor capability of various anions (Fig. Al). 20.0 mM toluene solutions of BTA C8

are highly viscous (nr==11). The viscosity is strongly reduced in presence of 0.10 equivalent (equiv.)

of TPPCI (ne=2.4, TPP=tetraphenylphosphonium). NaNTf, (Tf=trifluoromethanesulfonimide) was
selected to trigger the metathesis reaction because of the weak coordination ability and the known
chemical stability of the NTf, anion. Satisfactorily, addition of 0.10 equiv. of NaNTf; to a solution of
BTA C8 containing 0.10 equiv. of TPPCI leads to a significant increase of viscosity (n1=4.7). The
viscosity of BTA C8 solutions can in fact be modulated by means of sequential additions of TPPCI and
NaNTf, (Fig. A2). Fourier-Transform Infrared (FT-IR) spectroscopy analyses allow determining how
the BTA assemblies are affected by these salts at the molecular level. Under the conditions of the
viscosity experiments mentioned above (toluene, 20.0 mM), BTA C8 forms very long helices (Fig. A3,
no detected free N-H and C=0 bands). However, upon addition of TPPCI (0.10 equiv.), free N-H and
C=0 functions appear as indicated by absorption bands above 3400 cm™ and 1650 cm™, respectively.
The N-H band is also wider, its intensity is lower and its maximum is slighted shifted to higher
wavenumber (Av=+1.5 cm™, dark yellow arrow in Fig. A3). This a consequence of the presence of N-H
functions bonded to chloride anions. The FT-IR spectrum obtained after adding NaNTTf; to the previous
mixture resembles that of pristine BTA C8 solution even though a residual fraction of free N-H and
C=0 bands can still be detected. Notably, the maximum of the N-H band has shifted in the opposite
direction (Av=—1.0 cm™, blue arrow) demonstrating that the number of N-H functions bonded to
chloride has drastically decreased. Viscosity measurements and FT-IR analyses clearly show that the
length of the BTA assemblies can be modulated by successive additions of TPPCI and NaNTT;, similarly
to what was demonstrated above for the precatalytic mixture composed of BTA?™"and BTA (R)-Cha.
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—

Figure Al Salt influence on the relative viscosity of BTA C8 solution (toluene, 20.0 mM, 20°C).
Relative viscosity in presence of 0.10 equiv. of salt. (Left) The salts are sorted according to the
hydrogen bond accepting capability of the anion.[ (Right) TBANTf, and NaCl (insoluble) have been

used to probe the competing nature of the salts generated during the metathesis reaction.™

[a] The measurements were performed in triplicate. An error bar equals to = % variance was set for the
relative viscosity. The higher error bar in the case of TBAI is related to the incomplete dissolution of the
salt. BArF= tetrakis[(3,5-trifluoromethyl)phenyl]borate, TPP= tetraphenylphosphonium, TBA=

tetrabutylammonium, Tf = trifluoromethanesulfonimide.

[b] TBANTTf, has been used instead of TPPNTf,, but TPPNTf;, is expected to be even less competitor
than TBANTT,.
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Fig. A2 Relative viscosity of BTA C8 solution (toluene, 20.0 mM, 20°C) after sequentialadditions of
TPPCI (0.10 equiv.), NaNTf; (0.10 equiv.) and TPPCI (0.10 equiv.).
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Fig. A3 FT-IR analyses of BTA C8 solution in toluene (20.0 mM, 20°C) after sequential additions of
TPPCI (0.1 equiv.), NaNTf; (0.1 equiv.) and TPPCI (0.1 equiv.). Zoom on the N-H (Left) and C=0

(Right) regions.
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Chapter 4 Huge enhancement in the amplification of chirality in
dynamic supramolecular helices and catalysts upon

incorporation of an achiral monomer

Abstract: Chirality amplification in helical polymers and assemblies refers to the ability of
controlling the main chain helicity by a small chiral bias. This feature has motivated the implementation
of functional chirally-amplified helices as switchable asymmetric catalysts, chiral sensors and CPL
emitters. However, chirality amplification properties remain hard to predict. Previous attempts to
optimize the extent of chirality amplification in a given molecular helix focused on subtle tuning the
chemical structure of the monomers or the experimental conditions and led to limited improvements. In
this chapter, we investigate the chirality amplification properties in dynamic supramolecular helices
composed of an achiral benzene-1,3,5-tricarboxamide (BTA) ligand, coordinated to copper, and an
enantiopure BTA co-monomer. Amplification effects, probed by varying the amount (sergeants-and-
soldiers) or the optical purity (diluted majority-rules) of the enantiopure co-monomer, are modest in this
initial system. However, both chirality amplification effects are hugely enhanced upon addition of a
second achiral BTA monomer leading to a perfect control of the helicity either by means of a
remarkably low amount of sergeants (0.5%) or a small bias from a racemic mixture of enantiopure co-
monomers (10% e.e.). Such an enhancement in the amplification of chirality is only achieved by mixing
the three components, i.e. the two achiral and the enantiopure comonomers, highlighting a synergistic
effect upon co-assembly of the three monomers. Investigation of the role of the achiral additive by
means of several spectroscopic techniques (CD, UV-Vis, FT-IR, SANS) supports its ability to induce a
conformational change in the helical co-assemblies leading to no helix reversals i.e. conformational
defects. Implementation of these helical co-assemblies in the copper-catalysed hydrosilylation of 1-(4-
nitrophenyl)ethanone confirms that the effect of the achiral BTA additive is also operative under the
conditions of the catalytic experiment. Indeed, 88% of the optimal selectivity is achieved with a
catalytic mixture containing 0.5% of enantiopure co-monomers relatively to the ligand which is equal,

in our catalytic conditions, to a catalytic loading in chiral species of only 0.06 mol%.
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| Introduction

Asymmetric amplification refers to a quite large variety of topics in chemical sciences such as

2 racemization/deracemization® processes and chiral

non-linear effects in asymmetric catalysis,
replicators™® that may ultimately constitute a basis to understand the elusive omnipresence of
homochirality on Earth. Chirality amplification in helical covalent molecules®® and supramolecular

aggregates® ™

can be considered as another discipline of this domain which deals with controlling the
optical purity of these structures, expressed at the macromolecular or supramolecular level, by a small
chiral bias. This minute induction is usually too small to be directly measured at the molecular level
(with extreme values as low as a few J.mol™ per unit for chiral isotopic substitution)™*"*? but induces a
conformational bias that is amplified through the whole nanostructure and may eventually lead to the
formation of homochiral structures. The scaffold of dynamic helical covalent and supramolecular
polymers is particularly prone to chirality amplification as demonstrated by the diversity of scaffolds in
which these phenomena have been expressed.® The ultra high sensitivity to a variety of chiral inducers
(e.g. chiral monomers and inducers, chiral solvents, chiral physical fields) has motivated the
implementation of functional helical nanostructures as switchable asymmetric catalysts,”> chiral

stationary phases** and as optical devices able to emit™ or selectively reflect'® circularly-polarized light.

Green, Selinger and co-workers provided the experimental and theoretical basis of amplification
of chirality in covalent poly(isocyanate)s, i.e. a class of polymers in which the main chain adopts a
stable but dynamic helical conformation in solution.® These authors notably reported the possibility of
controlling the helical main chain by: (i) introducing a small amount of chiral monomers (sergeants) to
copolymers mainly constituted of achiral monomers (soldiers) through the so-called sergeants-and-
soldiers (S&S) effect,'” (ii) mixing enantiopure comonomers in a non-equimolar ratio through the
majority-rules (MR) effect’® and (iii) combining both effects, i.e. adding a non-equimolar ratio of
enantiopure monomers to terpolymers containing achiral monomers (diluted MR effect).*?° For all
these cases, the chiral bias imparted by the sergeant or the majority enantiopure monomer is transferred
to soldiers (S&S), the minority enantiomer (MR) or both (diluted MR) which remain under its influence
in between two helix reversals. Following these pioneering studies, similar effects have been observed
for other covalent helical polymers’ and for supramolecular polymers.® *° The S&S and MR effects are
now part of the supramolecular chemist toolbox to probe the induction and amplification of chirality as
well as chiral self-sorting in dynamic assemblies. These effects have been well established

experimentally and rationalized by means of statistical mechanical®*® and numerical®?® methods.
Meijer and Palmans formulated a number of features that are common to supramolecular systems
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displaying chirality amplification such as the strong and cooperative aggregation of the molecules in
solution, the involvement of different types of non-covalent interactions in their aggregation process
and the formation of a chiral object at the supramolecular scale.®® However, prediction of the chirality
amplification properties of an untested helical system and even optimization of the degree of chirality
amplification for a supramolecular helix exhibiting these effects remain poorly addressed challenges.

Extremely high levels of chirality amplification, i.e. by means of a minute amount of sergeants
(< 1%),2% by a mixture of enantiopure monomers only moderately biased from the racemic mixture
(<10% e.e.),*”® by chiral physical fields*** or through spontaneous mirror-symmetry breaking
phenomena®® *" #1470 have been reported for a limited number of helical assemblies in solution or in
the gel state. The S&S and MR effects in dynamic one-dimensional polymers constructed by assembly

of small disk-like molecules were subject to optimization by changing the nature of the sergeants,* >>2

36, 53 29, 35 51, 54

the nature of the soldiers, or the experimental conditions (concentration, temperature,

solvent).** However, changing these parameters as well as subtle variations in the nature of the

interacting groups™>®°

usually led to mitigated improvement of the chirality amplification properties for
a given helical system. N,N’,N"-trialkylbenzene-1,3,5-tricarboxamides (alkyl BTA) and their functional
derivatives are ubiquitous synthons in supramolecular chemistry as the result of their robust assembly
into dynamic helices stabilized by a threefold hydrogen-bond network and aromatic interactions.®* S&S
and MR effects are good in BTA helices® ** 9% put not exceptional and their enhancement would
clearly be beneficial for a range of applications. Meijer and co-workers probed the limit of chirality
amplification in BTA helical assemblies and their studies reveal that optimization by subtle variation in
the structure of the monomer will improve the extent of amplification but solely up to the limits fixed
by the number of reversals present in the helix.>* As this latter parameter is intrinsically related to the
strength of the intermolecular interactions stabilizing the BTA assemblies, the authors suggest that
further improvement would require changing the chemical structure of the monomers (and thus the
nature of the helix). We report herein that, albeit counterintuitive at first sight, the addition of an achiral
BTA monomer changes the configuration of BTA co-assemblies from poorly helically biased to fully
homochiral. The S&S and diluted MR effect are improved by two and one order of magnitude,
respectively, which is attributed to the suppression of the helix reversals in presence of the achiral
additive. Implementation of the present concept (Scheme 1) to asymmetric catalysts supported by
chirally-amplified BTA helices enables optimal enantioselectivity to be reached with as little as 600

ppm of chiral inducer relatively to the substrate.
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Scheme 1 Schematic representation of the present concept. Catalytic helical co-assemblies consisting of
an achiral BTA catalyst and an enantiopure co-monomer (S&S type mixtures) change their
configuration from poorly helically biased to homochiral upon addition of an achiral BTA additive. The
purple helix represents the non-covalent helical backbone formed upon co-assembly of BTA monomers.
The concept also holds true for mixtures between an achiral BTA catalyst and a non-equimolar mixture

of enantiopure BTA monomers (diluted MR type mixtures).

I1 Results and discussion
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Chart 1 Left: chemical structures of the BTA monomers used in this study. Right: representation of the helical co-
assemblies, preferentially left-handed, formed by mixing BTAP™", [Cu(OAc),'H,0], BTA (R)-Cha and BTA cyclohex.

144



—0.097%
—0.49%
—1.0%

—0.0047%
—0.25%
—0.51%

——8.9% C -104 —47%
—21.3% = —11.9%
—35.6% é -15 —21.7%
—52.3% @ —35.6%
204
- T T T T T T ) =251+ T T T T T ]
280 300 320 340 360 380 400 280 300 320 340 360 380 400
A (nm) A (nm)
c) = without BTA cyclohex|

:; 7.5_A A A withABTA c_vclnllex .|g|,,m=6-9*10-4

=

£ 5.0

&

>

&

2

2259

E 0.0/ L= =

; 000 025 050 075 1.00

fcha(o/u)
0.0+ . ' :
0 20 40 60

fraction of BTA (S)-Cha (%)

Figure 1 Chirality amplification through the S&S effect as probed by CD spectroscopy. a) CD analyses
of the S&S-type mixtures without BTA cyclohex ([BTAP™)/[Cu(OAc),-H,0]= 4, [BTA™™™] set
constant at 5.80+0.04 mM, 0.0056 mM< [BTA (S)-Cha]< 6.35 mM). b) CD analyses of the S&S-type
mixtures with BTA cyclohex ([BTA™"]/[Cu(OAc),'H,0]= 4, [BTA™] and [BTA cyclohex] both set
constant at 5.80+0.06 mM, 0.0056 mM< [BTA (S)-Cha]< 6.39 mM). ¢) Kuhn anisotropy factor (g)
measured at A= 295 nm as a function of the fraction of BTA (S)-Cha in the mixtures. g= §°°/(32980 x
Abs®®) where 6 and Abs are the ellipticity and UV absorbance measured at A= 295 nm, respectively.
fone= [BTA Cha]/([BTA Cha]+[BTAP"]+[BTA cyclohex]). The data from the S&S and MR
experiments have been fitted for the mixtures with and without BTA cyclohex (red and black solid
lines, respectively) simultaneously following procedures described by Smulders et al.** (for S&S) and

24
|

van Gestel” (for diluted MR). The superior maximal ellipticity reached for S&S mixtures with BTA

cyclohex is related to an increase of the intensity of main UV-Vis absorption band (vide infra).

Chirality amplification probed by CD spectroscopy. We previously found that the mixture

APPh2

composed of BT and of the co-monomer BTA Cha (Chart 1) yields very long one-dimensional

co-assemblies in solution (DP, =250) with a radius corresponding to a single molecule of BTA in the

cross-section.®® BTA Cha belongs to the family of BTAs derived from amino-esters (ester BTAs)> ¢7"

which were shown to be efficient chiral inducers for asymmetric reactions performed with helical BTA
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catalysts.®® "“" In order to induce a sufficient bias in the handedness of these co-assemblies, an excess
of BTA Cha was employed relatively to BTAP".% ™ \we have now investigated the possibility of
generating homochiral helices with a lower amount of enantiopure co-monomer. Firstly, mixtures of
BTA™™ and BTA (S)-Cha in toluene are analyzed by CD spectroscopy with the presence of copper
coordinated to the BTA ligand in order to be as close as possible of the catalytic conditions we
established previously.” CD analyses of sergeants-and-soldiers (S&S) type mixtures, in which BTAPP™
coordinated to Cu and BTA (S)-Cha are the soldiers and the sergeants, respectively, are shown in
Figure 1a ([BTA™"] and [Cu(OAc),-H,0] are set constant at 5.80+0.04 mM and 1.46+0.02 mM,
respectively). Mixtures with more than 0.5% of sergeants exhibit a Cotton effect with a maximum at A~
295 nm while no CD signal is detected for mixtures containing a lower amount of sergeant. The
observed Cotton effect constitutes a direct probe of the extent of chirality induction in the co-assemblies
since only the soldier is UV active in this region (induced CD).®® ™™ Accordingly, plotting the Kuhn
anisotropy values (g) at A= 295 nm as a function of the fraction of BTA (S)-Cha in these mixtures
provides the amplitude of the S&S effect operating in this system (Figure 1c). Even though the plot
deviates from linearity, no obvious plateau of the g value is reached meaning that a sizable fraction of

enantiopure co-monomers (fcha> 52%) is required to get fully biased co-assemblies.

We previously reported that incorporating 1% of a ester BTA was enough to fully bias the
handedness of (otherwise racemic) helical assemblies formed by N,N’,N’’-tris(octyl)benzene-1,3,5-
tricarboxamide.® We have now hypothesized that the limited amplification of chirality observed in this

APP"2 coordinated to Cu, i.e. this monomer behaves as

initial system is related to defects induced by BT
a “bad soldier”. We thus test the possibility of inducing a conformational change in the co-assemblies
upon addition of a second achiral BTA. We selected BTA cyclohex (Chart 1) since the cyclohexyl
group attached on the amino-ester a-carbon is expected to reduce the conformational freedom of the
amide functions and thus rigidifies the hydrogen-bonded network between the complementary
monomers in the co-assemblies.® A new set of mixtures has been analyzed by CD which differ from
the initial ones only by the fact that they now contain two soldiers: BTAP™" coordinated to Cu and
BTA cyclohex ([BTA™"J/[BTA cyclohex]= 1). The influence of BTA cyclohex on the amplitude of
the S&S effect is dramatic (Figure 1b). The CD spectrum of the mixture with only 0.51% of sergeant is
virtually identical to that of the mixtures containing higher fractions of enantiopure co-monomers. The
S&S mixture with only 0.25% of BTA (S)-Cha displays a g value which is equal to 90% of the
maximal g value (| gmax|= 6.9 x 10™). A similar gmax value is reached for S&S mixtures with and

without BTA cyclohex corroborating the formation of similar homochiral, preferentially right-handed,”
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co-assemblies but for drastically different fractions of sergeants, fcha= 0.05 and 0.52 respectively. The

S&S effect is thus enhanced by two orders of magnitude in presence of BTA cyclohex.
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Figure 2 Chirality amplification through the diluted MR effect as probed by CD spectroscopy. a) CD

analyses of the diluted majority-rules type mixtures without BTA  cyclohex
(IBTAP")/[Cu(OAC),-H,0]= 4, [BTA™"™] set constant at 5.78+0.07 mM, fcp= 0.53+0.02). b) CD
analyses of the diluted majority-rules type mixtures with BTA cyclohex ([BTA™"]/[Cu(OAc),-H,0]=
4, [BTA™] and [BTA cyclohex] set constant at 5.80+0.04 mM and 6.40+0.40 mM respectively, fona=
0.34+0.02). ¢) Kuhn anisotropy factor (g) measured at A= 295 nm as a function of the optical purity in
BTA Cha in the mixtures. The data from the S&S and MR experiments have been fitted for the
mixtures with and without BTA cyclohex (red and black solid lines, respectively) simultaneously
following procedures described by Smulders et al.>* (for S&S) and van Gestel** (for diluted MR). The
superior maximal ellipticity reached for diluted MR mixtures with BTA cyclohex is related to an

increase of the intensity of main UV-Vis absorption band (vide infra).

We have investigated whether a similar effect is operative on co-assemblies obtained by mixing
soldiers and non-equimolar amounts of enantiopure sergeants, i.e. for amplification of chirality through

the diluted majority-rules effect. Mixtures containing BTA™™ coordinated to Cu and BTA Cha of
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various optical purities (-100% e.e.—~100% e.e.) have been analyzed in absence and presence of BTA
cyclohex (Figures 2a and 2b, respectively). Without additive, a nonlinear increase of the g value is
observed as a function of the optical purity in BTA Cha but no plateau is reached indicating that the
amplification of chirality is modest (Figure 2c). Again, the addition of BTA cyclohex has a huge effect
on the extent of amplification of chirality since homochiral co-assemblies are obtained for scalemic
mixtures only slightly biased from the racemic mixture (10% e.e.). The diluted MR effect is thus
increased by one order of magnitude in presence of BTA cyclohex. A modulation in the relative
proportion of the enantiomers of only 10% around the racemic composition produces homochiral

helices with opposite handedness.

In the previous experiments, the addition of BTA cyclohex induces an increase of the total BTA
concentration which may be partly responsible for the huge chirality amplification enhancement. To
demonstrate the robustness of our data, we have performed similar S&S and diluted MR type
experiments except that the total concentration of BTA monomers has been set constant to 5.84+0.2
mM (Figure S1). Even in these conditions, upon the addition of BTA cyclohex, a plateau of g values is
obtained for mixtures containing 0.5% of sergeants (S&S mixtures) or a 10% e.e. scalemic mixture
(diluted MR mixtures) inferring a similar enhancement of the amplification of chirality in the helical co-
assemblies. It is remarkable that this simple strategy allows to reach extremely high levels of chirality
amplification for both the S&S and diluted MR effects with the same sergeant, which outperforms those
obtained with helical assemblies of alkyl BTA reported to date.>* >* #® Encompassing all monomers
forming isolated single helices in solution, such levels of amplification have been reported only

29, 32, 35-36, 38, 76

sporadically in the literature and, to the best our knowledge, never with the same chiral

monomer used as both a sergeant and a majority enantiomer.

Assembly behavior of the BTA partners. In order to enravel the role of BTA cyclohex, we
start by determining whether the presence of the three monomers is necessary to observe high
amplification of chirality in our above-mentioned helical BTA systems. We previously reported that
BTAPP"™ monomers aggregate through a cooperative pathway to form hydrogen bonded stacks (Figure
3b), similar to the one described for N,N’,N’’-tris(methoxyethyl)benzene-1,3,5-tricarboxamide’’ and
other BTAs in the literature,® at a critical concentration of ca. 0.5x10° M in toluene (see the FT-IR and
SANS signatures in Figure 3b and 3c respectively).” In the same solvent, BTA Cha assembles under
the form of dimers only, the structure of which was unambiguously determined™ and revealed by the
presence of hydrogen bonds between amide N-H and ester (instead of amide) carbonyls (see the FT-IR
and SANS signatures in Figure 3a and 3c respectively). We have now studied the structure of the self-
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assemblies formed by BTA cyclohex by means of FT-IR and SANS analyses. The FT-IR spectrum
recorded in toluene at 1.0 mM, shows the presence of three broad bands in the N—H region with
maxima at v= 3448 cm™, v= 3402 cm™ and v= 3293 cm™ which are attributed to free N—H, N-H
bonded to ester C=0,°%%* and N-H (weakly) bonded to amide C=0, respectively (Figure S2a). A
similar pattern is observed at 5.8 mM, except that the free NH band has decreased in intensity and the
two others have become more intense meaning that a transition occurs between two species (Figure 3a).
However, the low intensity of the scattering intensity observed in SANS analyses of BTA cyclohex at
both 5.4 mM and 9.0 mM indicates that small assemblies are the dominant species in C;Dg (Figures 3c
and S2b). Subsequently, we have tested the co-assemblies formed by BTA cyclohex and BTA (S)-Cha
and found out that the FT-IR spectrum of their 1:1 mixture is virtually identical to that of the individual
components (Figure 3a). This means that these monomers self-sort into two their own self-assemblies

(self-segregation).
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Figure 3 Characterization of the assemblies (293K). a) between BTA (S)-Cha and BTA cyclohex. FT-
IR spectra of BTA (S)-Cha (5.8 mM), BTA cyclohex (5.8 mM) and of their 1:1 mixture in toluene. The
experimental spectrum for the mixture is shown together with the simulated spectrum for segregated
assemblies (no co-assembly). Zoom on the N-H region (for the C=0 region see Figure S3a). b) between
BTA".Cu, BTA (S)-Cha and BTA cyclohex (fcna= 0.048). FT-IR spectra of the mixture between
BTA™" (5.8 mM) and [Cu(OAC),*H,0] (1.45 mM) and of the mixture between BTAP"" (5.8 mM),
[Cu(OAC),#H,0] (1.45 mM), BTA (S)-Cha (0.58 mM) and BTA cyclohex (5.8 mM) in toluene.
Simulated spectra for no and full co-assembly. Zoom on the N-H region (for the C=0 region see Figure
S3b). c) between BTAPP™.Cu, BTA (S)-Cha and BTA cyclohex (fohe= 0.062). SANS analyses of
BTA (S)-Cha (0.68 g.L'%, 0.58 mM), BTA cyclohex (9.83 g.L™, 9.0 mM), BTAP (5.98 g.L?, 8.6
mM) and of the mixture between BTAP™" (3.94 g.L?, 5.7 mM), [Cu(OAc),*H.0] (0.29 g.L?, 1.45
mM), BTA (S)-Cha (0.68 g.L™, 0.58 mM) and BTA cyclohex (3.26 g.L™}, 2.99 mM) in C;Ds. The
SANS data of the mixture is fitted by a form factor for rigid rods of finite length, assuming that all BTA

monomers are co-assembled within the same stacks.

Conversely, the FT-IR spectrum of the mixture containing the three BTA monomers, i.e.
BTAP" coordinated to Cu, BTA (S)-Cha and BTA cyclohex totally differs form the FT-IR spectra of
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its individual components since it mainly consists of single band in the N-H region (Figures 3b and S3b).
This band with a maximum at v= 3239 cm™ is the signature of hydrogen-bonded amide functions in
well-defined helical BTA stacks. The experimental spectrum is virtually identical to the one simulated
in case of full assembly of the 3 BTA partners meaning that, a large fraction (> 90%) of BTA (S)-Cha

APP"2 coordinated to Cu.

and BTA cyclohex monomers are incorporated into the stacks formed by BT
This is further supported by SANS analysis of a similar mixture which shows a q* dependence of the
scattering intensity at low q values which is indicative of the presence of cylindrical and rigid objects in
C;Dg (Figure 3c). The SANS data can be fitted by making the assumption of a full incorporation of
BTA (S)-Cha and BTA cyclohex into the stacks of BTAP™", The excellent fit of the SANS data with a
form factor for rigid rods of finite length confirms that the stacks are long (length= 120 nm, DP,~ 170)
with a single BTA molecule in the cross-section (r= 12.1A, n= 0.81) and that, indeed, stacks are the
main contributor of the SANS intensity with only a low content (if any) of BTA (S)-Cha and BTA
cyclohex self-assemblies. This full set of analyses offers a precise picture of the assembly behavior of
the different BTA monomers: the small assemblies formed by BTA (S)-Cha and BTA cyclohex in
which there is no or little implication of the amide carbonyls rearrange in the presence of amide-bonded
stacks of BTAP" to generate long helical co-assemblies, while they would self-segregate in its absence.
The presence of the three BTA partners thus appears to be crucial to generate rigid helical assemblies

whose handedness can be fully biased by the enantiopure co-monomer.

Rationalization of the role of the achiral BTA additive. CD analyses have revealed the ability
of BTA cyclohex to promote the formation of homochiral helical assemblies when the fraction of
sergeant is > 0.5% (or its optical purity is > 10% e.e.). We first compare the FT-IR of the mixtures with
and without BTA cyclohex (Figure S4b). Both spectra are very similar indicating that the helical
assemblies display a similar hydrogen bond network. Importantly, in both cases the incorporation of
BTA (S)-Cha into the stacks can be estimated to be superior to 90% which discards a potential bias in
the BTAPP™/BTA (S)-Cha ratio in the helical co-assemblies as a result of the presence of BTA
cyclohex (Figure S4a). Also, structural parameters determined above for the assemblies with BTA
cyclohex (r= 12.1A, n= 0.81, I= 120 nm) are similar to those determined previously for assemblies
without BTA cyclohex (r= 11.4 A, n = 0.6, I> 100 nm) confirming that the achiral BTA additive does
not significantly alter the geometry of the supramolecular helices.®® We thus attribute the synergistic
effect observed upon co-assembly of the three partners to a conformational change induced by BTA

cyclohex upon its incorporation into the co-assemblies formed by BTAP™™ and BTA (S)-Cha.
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Closer examination of the FT-IR spectrum with the achiral BTA additive (Figure S4b) reveals
the following differences: i) the maximum of the N-H band is shifted from 3248 to 3239 cm™ and ii) the
amide | band is narrower. Notable differences are also observed in the CD and UV-Vis (Figures S5a
and S5b) spectra of the mixtures with and without of BTA cyclohex. The main UV absorption band is
narrower and its intensity is significantly increased when BTA cyclohex monomers are incorporated
into the stacks despite the fact that their self-assemblies barely absorb in that region. A similar change
in the intensity and shape of the corresponding Cotton effect is also seen. These observations infer the
formation of a stronger and more regular intermolecular hydrogen bond network when BTA cyclohex is
present in the helical BTA co-assemblies. An additional support towards this hypothesis comes from the
quantification of the conformational defects in the supramolecular helices. Amplification of chirality in

dynamic supramolecular systems has been consistently modelled by various statistical mechanical®**

|25-28

and numerica methods. The statistical model developed by van Gestel and its adaptation by

1.°1 % were successfully applied to quantity chirality amplification in S&S,** MR* and

12,51, 54,59, 64

Smulders et a
diluted MR effects.? Its robustness was demonstrated for various BTA monomers as well as
other types of aggregating disk-like molecules.®® %% 787 |n order to allow a comparison of the present
system with those described in the literature, we have fitted the CD data of Figures 1 and 2
simultaneously by following procedures described by Smulders et al.>* (for S&S) and van Gestel** (for
diluted MR). It allows to extract two energetic parameters: the helix reversal penalty (HRP) that
corresponds to the energy needed to reverse the handedness of the supramolecular helix and the
mismatch penalty (MMP) which is the energy paid for incorporating a monomer in a helix of its
nonpreferred helicity. The quality of the fits for the CD data allows us to extract a precise set of values
for helical co-assemblies with and without BTA cyclohex (Table 1) and to compare them with the data

published in the literature for other helical systems.
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Table 1 Helix reversal penalty (HRP) and mismatch penalty (MMP) (both in kJ.mol™) determined by
simultaneously fitting CD data of Figures 1 and 2 following procedures described by Smulders et al.>*
(for S&S) and van Gestel** (for diluted MR). Comparison with the values obtained for selected helical

systems in the literature (293 K).

Helical systems Opt. S&S®  Opt. diluted MR® HRP MMP
BTA™™.Cu+ BTA | without BTA cyclohex 52% 100% e.e. 11.0425  0.4+0.4
S)-Cha .
(t(hig work) with BTA cyclohex 0.5% 10% e.e. 22.1+0.5 0.3+0.2
Alkyl BTA (reference™) 5% >30% e.e. 12.6+2.09  1.940.2©
Triphenylamine 0 O] (@
trisamide (reference™®) 0.3% Nr 205 1.0

(@) Minimum amount of sergeants required to get homochiral helices in S&S experiments. (b) Minimal
optical purity in sergeant required to get homochiral helices in diluted MR experiments. (c) Obtained by
fitting independently S&S and MR experiments yielding a precise value for the HRP and MMP,
respectively [conditions: 2x10™ M in MCH]. (d) Obtained by fitting the S&S experiment. nr: not
reported [conditions: 3x10° M in MCH].

Strikingly, the value of HRP doubles in the presence of BTA cyclohex (from 11.0 to 22.1
kJ.mol™®) while the MMP value is not impacted. This last point is expected as the MMP is a
characteristic of the sergeant. The HRP value determined from the fit is actually an “effective HRP

24
value”

which likely reflects the average of the HRP values of each BTA partner in the co-assemblies.
Even though an achiral monomer may be anticipated to lower the helicity as it exhibits no preferred
helicity,?* our data show that the HRP value of BTA cyclohex is actually very high and this is possibly
due to (i) a high conformational rigidity and (ii) the formation of strong intermolecular interactions with
the other BTA monomers. In fact, the measured HRP values can be translated into a correlation length
between two helix reversals:** the presence of the additive increases this value from ca. 90 to 9000!
Considering the average length of the stacks determined by SANS analysis (see above), it means that
the stacks contain, on average, one helix reversal or none in absence or presence of the additive,
respectively. Therefore, in the presence of BTA cyclohex, the limiting factor to reach full chiral
amplification is not the correlation length but the degree of polymerization. The average DP,, value of =
170 determined by SANS analysis can be converted into a limit of one molecule of sergeant controlling
the helicity of 169 soldiers, i.e. 0.6% (for S&S experiment) and 30 major enantiomers dictating their
preference to 29 minor enantiomers and 111 soldiers, i.e. 2% e.e. (for diluted MR experiment). This
simple description is in good agreement with our experimental values of 0.5 % and 10% e.e.,
respectively and validates the consistency of the analysis. Compared to previously reported BTA
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mixtures, the better chirality amplification properties observed in the present system is likely related to
its higher HRP value (Table 1).°">* Most supramolecular helical systems with high S&S effects, such as
triphenylamine trisamides (Table 1),% rely on the introduction of gallamide groups which allows nine
stereogenic centres to be present at the periphery of the helices.?® ® However, increasing the number of
stereogenic centres into the monomer reduces its ability to behave as an efficient majority monomer in
diluted MR and MR mixtures.™ " Conversely, the MMP value of the BTA (S)-Cha is suitable to
achieve high level of chirality amplification in both the S&S and diluted MR experiments at the
condition that the number of helix reversals in the BTA helical system is decreased, as it is the case in

presence of BTA cyclohex.

Asymmetric catalysts built on an extremely chirally-amplified helical backbone.
Introducing intrinsically achiral catalytic monomers into the preferred-handed helical scaffold of
covalent or supramolecular polymers enables the formation of an enantio-enriched product whose
configuration is determined solely by the handedness of the helices.™ 88 A new class of switchable
asymmetric catalysts has emerged by means of this strategy. Additionally, as a result of the chirality
amplification phenomena at work in these helical systems, the amount of chiral monomers or inducers
both relatively to the catalytically active species (S&S ratio) and to the substrate (catalytic loading in

1.3 and Arlegui et al.®® Independently

mol%) can be drastically reduced. Very recently, Shen et a
reported that scalemic products are formed by performing a catalytic reaction with spontaneous mirror
symmetry-broken helical assemblies functionalized with catalytic centres. Absolute asymmetric
synthesis is at work in these systems, since no chiral species are present, but the degree of
enantioinduction is low (e.e.< 46%) and the configuration of the major enantiomer is left to chance.
Chirally-amplified S&S-type helical catalysts which display high levels of enantioselectivity have been

reported for BTA'* "3 & 87-90

and poly(quinoxaline-2,3-diyl) (PQX) scaffolds. However, the amount of
chiral inducers required to get e.e.> 80% was of the order of 0.2 mol% for PQX®” and 0.5 mol% for
BTA."? Chiral solvents have also been efficiently employed as a sole source of enantioinduction in the
case of PQX asymmetric catalysts.”> We now investigate if our extremely chirally-amplified helical
precatalyst constitutes an alternative approach to reduce drastically the catalytic loading in chiral

species.

Helical co-assemblies with an excess of BTA (S)-Cha relatively to BTA™ provided 1-(4-
nitrophenyl)ethanol (NPnol) with 54+2% e.e. when applied in the copper-catalysed hydrosilylation of 1-
(4-nitrophenyl)ethanone (NPnone) at 293 K (reaction of reference).®® ® We now probe whether the
generation of homochiral helices in the presence of BTA cyclohex as determined by CD spectroscopy
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also holds for catalytic mixtures. Except otherwise stated, catalytic experiments are implemented at a

concentration in [BTAP™] set constant at 16.9 mM, a catalytic loading of 3 mol% in [Cu(OAc),H,0],

with PhSiH; acting both as an activator of the copper precatalyst and as a reducing agent.”? For S&S-
type catalytic mixtures (16 uM<[BTA (S)-Cha]< 18.4 mM) without BTA cyclohex, the optical purity
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Figure 4 Asymmetric catalysis with S&S- and diluted MR-type helical catalysts (293K). a)
Enantioselectivity in NPnol as a function of the fraction of BTA (S)-Cha in the catalytic mixtures with
and without BTA cyclohex. Conditions of black and red curves: [BTA™"?]= 16.4 mM (12 mol%),
[Cu(OAC)'H20]= 4.11 mM (3 mol%), 16 uM (0.012 mol%)< [BTA (S)-Cha]< 18.4 mM (13.4 mol%),
[BTA cyclohex]= 16.4 mM (12 mol%, red curve only), [PhSiHz]= 274 mM (200 mol%), [NPnone]=

137 mM (100 mol%). Conditions of blue curve: same as above except that the concentration in BTA™"
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has been doubled. b) Plot of the enantioselectivity in NPnol and of the Kuhn anisotropy factor as a
function the fraction of BTA (S)-Cha in the catalytic mixtures. c) Zoom on the region corresponding to
low fcha Values. The outcome of the catalytic experiments with fcpa= 0.05%, 0.25% and 0.50% is
highlighted. d) Enantioselectivity in NPnol as a function of the optical purity in BTA Cha in the
catalytic mixtures with and without BTA cyclohex. Conditions: [BTA™"]= 16.4 mM (12 mol%),
[Cu(OAC),'H,0]= 4.11 mM (3 mol%), [BTA Cha] 18.4 mM (13.4 mol%), [BTA cyclohex]= 16.4 mM
(12 mol%, red curve only), [PhSiHz]= 274 mM (200 mol%), [NPnone]= 137 mM (100 mol%). e) Plot
of the enantioselectivity in NPnol and of the Kuhn anisotropy factor as a function of the optical purity in
BTA Cha in the catalytic mixtures. Zoom on the scalemic mixtures biased in BTA (R)-Cha. Conversion
>099% was obtained for all catalytic experiments as determined by GC and *H NMR analyses. The
optical purity was determined by GC analysis, e.e. are set as positive and negative when (S)-NPnol and

(R)-NPnol are the majority enantiomers, respectively.

in NPnol increases non linearly with the fraction of BTA (S)-Cha present in the catalytic mixture, but
no plateau is reached (|e.e.max| = 57.6%, Figure 4a, black curve). Conversely, in presence of BTA
cyclohex ([BTAPP"?]/ (IBTA cyclohex]= 1), a plateau is reached with a concentration in BTA (S)-Cha
of 160 pM (fcha= 0.50%, | €.€.mar| = 51.4£0.3%), and 98% of the plateau value is achieved with only 80
MM of sergeant (fcha= 0.25%, 50.4% | e.e. | , Figure 4a, red curve). This is in good agreement with the
minimal fraction of BTA (S)-Cha required to get homochiral helices as probed by CD spectroscopy.
This drastic effect of BTA cyclohex on the selectivity is not related to a change in the total BTA
concentration since doubling the concentration in BTA”"™ (without additive) has no significant
influence (compare blue and black curves in Figure 4a). In fact, a remarkable correlation is found
between the selectivity and the optical purity of the supramolecular helices as shown by the similarity of
their curves as a function of fcha (Figures 4b and 4c). It demonstrates that the enhancement of the
enantioselectivity observed at low fcha Values in presence of BTA cyclohex is related to its ability to
promote the formation of homochiral helices. The only discrepancy arises for mixtures containing a
higher fraction of BTA (S)-Cha since the optimal selectivities with and without additive slightly differ,
51.4+0.3% and 57.6% e.e., respectively, despite the respective helices being homochiral. We assume
that this gap is related to a slight difference in the conformation of the PPh, moiety and the related
copper catalyst that modifies the energetic of the enantiodiscriminating event without affecting the
optical purity of the helical main chain. The effect of the achiral BTA additive on the selectivity was
also probed for diluted MR-type catalytic mixtures ([BTA Cha] set constant at 18.4 mM). Whilst
reaching the optimal selectivity requires a significantly optically-enriched mixture of BTA enantiomers

in absence of BTA cyclohex (e.e. in BTA Cha> 50% e.e.), a plateau is reached with a 20% e.e. scalemic
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mixture in presence of BTA cyclohex (|e.e.max| = 51.7+0.7%, Figure 4d). A mixture in BTA Cha
slightly biased from the racemic mixture (10% e.e.) yields (S)-NPnol (+44.0% e.e.) and (R)-NPnol (-
42.4% e.e.) when BTA (R)-Cha and BTA (S)-Cha are the majority enantiomers, respectively. The
degree of selectivity provided by the catalyst is directly related to the optical purity of the
supramolecular helices probed by CD spectroscopy, with the limitation that, again, homochiral helices
with and without BTA cyclohex provide slightly different selectivities (51.6% and 57.0% e.e.

respectively, Figure 4e).

The results obtained with these chirally-amplified helical catalysts deserve further comments.
Significant selectivities are found for mixtures containing very low amounts of BTA (S)-Cha
monomers (see highlight in Figure 4c). More specifically, for the mixtures with fcpa= 0.25%, the
addition of BTA cyclohex switches the state of the helical catalyst from non selective (e.e.< 1%) to
significantly selective (50.4% e.e.). The fraction of BTA (S)-Cha (relatively to BTAP™, 0.5%) and its
catalytic loading (relatively to NPnone, 0.06 mol% i.e. 600 ppm) are fifty times and two times lower,
respectively, than those reported for other chirally-amplified helical catalysts in the literature.’* 8%
Here, one molecule of BTA (S)-Cha is able to impose its chiral preference to 50 catalytically active
copper centres that will conjointly produce 1667 molecules of NPnol, 75.2% of them being (R)-NPnol.
Long-range chiral information transfer in these helical catalysts allows chirality inducers to be
employed at drastically lower amount than the catalytic sites thus offering a strategy that circumvent the
selectivity — activity paradigm, i.e. it paves the way towards a new class of active asymmetric catalysts

which operate at ppm levels of chiral species.

111 Conclusion

In conclusion, we disclose the ability of an achiral BTA monomer to fully bias the helicity of co-
assemblies that are otherwise almost racemic in its absence, and which contain as little as 0.5% of
sergeants (S&S effect) or a 10% e.e. scalemic mixture of enantiopure comonomers (diluted MR effect).
This strategy, albeit counterintuitive at first sight, improves both the S&S and the diluted MR effect by
two orders and one order of magnitude, respectively, thus reaching levels of chirality amplification that
are usually achieved by the best, but distinct for each effect, supramolecular single helices reported to
date. Precise investigation of the assembly behavior of the different BTA partners by different analytical

techniques reveals that each monomer plays a precise role towards the generation of homochiral co-
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assembly: the BTA ligand forms long but racemic and disordered stacks that favor the co-assembly of
the other BTA monomers, the enantiopure co-monomer imposes a preferred-helical conformation to the
BTA assemblies and the BTA achiral additive reduces the number of defects in the co-assembly. The
last point is reflected by the absence of helix reversals in the 120 nm-long co-assemblies embedding ca.
170 monomers among which ca. one third are the achiral BTA additives. The MMP value seems also
suitable for allowing high levels of chirality amplification by both the S&S and diluted MR effects. The
helical catalysts generated from these homochiral co-assemblies display significant selectivities (> 50%
e.e.) despite the limited amount of sergeant (600 ppm relatively to the substrate) or low optical purity of
the sergeant (10—20% e.e.) present in the catalytic mixture. Further work is directed towards gathering
higher chirality amplification in these helical assemblies, e.g. by changing the nature of the BTA
partners in order to further increase the size of the objects, with the aim of developing a new class of
asymmetric catalysts that operate at ultra low amount of chiral inducers but predictably promote the

formation of the desired enantiomer.
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Figure S1 Effect of the achiral BTA additive on S&S and diluted MR effects performed at constant concentration in BTA monomers
(5.84+0.2 mM). a) CD analyses of the S&S-type mixtures without BTA cyclohex ([BTA™"™]/[Cu(OAc),-H,0]= 4, 2.33 mM< [BTA"""]<
582 mM, 0.0066 mM< [BTA (S)-Chal]< 3.84 mM). b) CD analyses of the S&S-type mixtures with BTA cyclohex
([BTAPP"2]/[Cu(OAC),'H,0]= 4, [BTAP"]/[BTA cyclohex]= 1, 1.36 mM< [BTAP""]< 2.90 mM, 0.0064 mM< [BTA (S)-Chal< 3.26 mM,
1.36 mM< [BTA cyclohex]< 2.90 mM). c¢) CD analyses of the diluted majority-rules type mixtures without BTA cyclohex
([BTAP"2)/[Cu(OAC),-H,0]= 4, [BTAP"] set constant at 2.79+0.03 mM, fcp,= 0.52). d) CD analyses of the diluted majority-rules type
mixtures with BTA cyclohex ([BTA™"]/[Cu(OAc),-H,0]= 4, [BTA™"] and [BTA cyclohex] set constant at 1.39+0.02 mM, fep,= 0.52). €)
Kuhn anisotropy factor (g) measured at A= 295 nm as a function of the fraction of BTA (S)-Cha in the mixtures. Lines are guides for the
eye. f) Kuhn anisotropy factor (g) measured at A= 295 nm as a function of the optical purity in BTA Cha in the mixtures. Lines are guides
for the eye. The CD signal is reported in molar extinction coefficient as Ae= 6/(32982x[BTAP"]x1) in which 6 is the measured ellipticity
in mdeg and | is the path length of the quartz cell in cm.

Interpretation: In presence of BTA cyclohex, both S&S and diluted MR effects are enhanced in the same proportion as observed for the
experiments performed at constant concentration in [BTA?™] (Figures 1 and 2). However, the | gnax | values obtained in the S&S
experiments without additive and in the diluted MR experiments both with and without additive are lower than the | Smax | values reached
for the experiments performed at constant concentration in [BTAP"]. The fact that a homochiral state is not reached under these
conditions probably comes from the lower concentration in [BTAP™"] since relatively short assemblies of the BTA ligand can be expected
close to its critical concentration (measured at ~ 0.5 mM).”
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Figure S2 Characterization of the self-assemblies formed by BTA cyclohex (293K). a) FT-IR spectra at
different concentrations in toluene (Inset: zoom on the N—H region). Tentative assignment of the N—H
and C=0 bands: free N—H (3448 cm™), N—H bonded to ester C=0 (3402 cm™),*> %70 9 N—H weakly
bonded to amide C=0 (3293 cm™), free ester C=0 (1740 cm™), bonded ester C=0 (1724 cm’™*),3 69-70.93
and free/weekly bonded amide C=0 (1676 cm™, the fact that this band is broad means that there is a
large distribution of carbonyl functions in the self-assemblies). b) SANS analyses at 5.91 g.L ™" (5.42
mM) and 9.83 g.L™ (9.01 mM) in C;Dgtogether with the theoretical curves expected for a dimer (sphere

of radius 12A) or for a rod (infinitely long cylinder of radius 12A).
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Figure S3 Characterization of the assemblies (293K). a) between BTA (S)-Cha and BTA cyclohex. FT-IR spectra of BTA
(S)-Cha (5.8 mM), BTA cyclohex (5.8 mM) and of their 1:1 mixture in toluene. The experimental spectrum for the mixture
is shown together with the simulated spectrum for segregated assemblies (no co-assembly, sum of the individual spectra).
Zoom on the N-H and the C=0 regions. b) between BTA"™"™.Cu, BTA (S)-Cha and BTA cyclohex (fcn,= 0.048). FT-IR
spectra of the mixture between BTAP" (5.8 mM) and [Cu(OAc),*H,0] (1.45 mM) and of the mixture between BTA"""
(5.8 mM), [Cu(OACc),*H,0] (1.45 mM), BTA (S)-Cha (0.58 mM) and BTA cyclohex (5.8 mM) in toluene. Simulated
spectra for segregated assemblies and for full co-assembly. The simulated spectrum for full co-assembly was obtained by
considering that all BTA (S)-Cha and BTA cyclohex monomers adopt the conformation of BTA Aib monomers in the co-
assembled helical stacks (i.e. that they have the same IR spectrum).®® The good agreement of this simulation with the

experimental spectrum means that most of the BTA monomers stack into the same helical co-assembly (fraction> 90% by

considering the measurement uncertainty). Zoom on the N-H and the C=0 regions.
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Figure S4 Probing the role of BTA cyclohex in the co-assemblies. a) Characterization of the co-assemblies between
BTAP"™.Cu and BTA (S)-Cha (fcna= 0.090). FT-IR spectrum of the mixture between BTAP™" (5.8 mM), [Cu(OAc),*H,0]
(1.45 mM) and BTA (S)-Cha (0.58 mM) in toluene. Simulated spectra for segregated assemblies and for full co-assembly.
The simulated spectrum for full co-assembly was obtained by considering that all BTA (S)-Cha monomers adopt the
conformation of BTA Aib monomers in the co-assembled helical stacks (i.e. that they have the same IR spectrum).®® The
good agreement of this simulation with the experimental spectrum means that most of the BTA monomers stack into the
same helical co-assembly (fraction> 90% by considering the measurement uncertainty). Zoom on the N-H and the C=0
regions. b) Overlap of the FT-IR spectra of the mixtures with and without BTA cyclohex (see composition in the caption of
Figures S3b and S4a, respectively). The spectra have been normalized at the same absorbance value for v= 3247 cm™. The
major difference is the higher intensity of the band at v= 1738 cm™ which is related to the free ester C=0 functions of BTA
cyclohex in the co-assemblies. Minor differences are: i) the shift of the maximum N-H band from 3248 to 3239 cm™ and ii)
the narrowing of the amide | band in presence of BTA cyclohex. Both observations support the formation of a stronger and
more regular intermolecular hydrogen bond network in the presence of the achiral BT A additive.
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Figure S5 Probing the role of BTA cyclohex in the co-assemblies (2). a) CD (top) and UV-Vis
analyses (bottom) of mixtures with and without of BTA cyclohex (see composition in the caption of
Figures S3b and S4a, respectively) and of BTA cyclohex. b) CD (top) and UV-Vis analyses (bottom) of
mixtures with and without of BTA cyclohex normalized at the maxima of the CD signal or UV-Vis

main absorption band.
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General procedures

Fourier-Transform Infrared (FT-IR) analyses: FT-IR measurements were performed on a Nicolet

iIS10 spectrometer. Spectra were measured in 0.1 cm pathlength CaF, cells at 293 K and were corrected

for air, solvent and cell absorption.

Circular_dichroism (CD) analyses: CD measurements were performed on a Jasco J-1500

spectrometer equipped with a Peltier thermostated cell holder and Xe laser. Data were recorded at 20°C
with the following parameters: 50 nm.min* sweep rate, 0.05 nm data pitch, 2.0 nm bandwidth, and
between 400 and 275 nm. All solutions were pre-heated before measurements. Toluene and cell
contributions at the same temperature were subtracted from the obtained signals. Cylindrical spectrosil
quartz cells (Starna® 31/Q/0/1 and 31/Q/0.2) of 0.10 and 0.20 mm pathlength were used. For all
samples, LD contribution was negligible (ALD < 0.005 dOD) and the shape of the CD signal was
independent of the orientation of the quartz cells. Molar CD values are reported in L.mol™*.cm™ and are
expressed as follows: Ae=0/(32980x1xc) where 0 is the measured ellipticity (mdeg), 1 is the optical path

length in cm, and c is the BTAP™"2 concentration in mol.L™.

Small-angle neutron scattering (SANS) analyses: SANS measurements were made at the LLB

(Saclay, France) on the PA20 instrument, at three distance-wavelength combinations to cover the 2x107
to 0.3A™ g-range, where the scattering vector q is defined as usual, assuming elastic scattering, as
g=(4n/A)sin(6/2), where @ is the angle between incident and scattered beam. Data were corrected for the
empty cell signal and the solute and solvent incoherent background. A light water standard was used to
normalize the scattered intensities to cm™ units. The data was fitted with the DANSE software SasView.
The number n of molecule in the cross-section can be derived from n_ (the number of molecule per unit
length)®* by assuming an average intermolecular distance of 3.62 A, which is the usual spacing between

aromatic rings in BTA helical assemblies.

Preparation of the solutions for CD analyses (Figure 1 and 2). S&S-type experiments ([BTAP™")
set constant at 5.8 mM): vials were loaded with Cu(OAc),-H20 (0.28 mg) and BTA™" (4.0 mg) in dry

THF (500 pL) and the mixture was stirred for 30 minutes. The solvent was removed under vacuum and

the tube was further put under vacuum (1.10 mbar) for 1 hour. The desired amount of BTA (S)-Cha
was added to vials, and then 6.2 mg BTA cyclohex were added to tubes for the CD measurements with
the achiral BTA additive. The total solvent volume is set to 1.0 mL. MR-type experiments ([BTA""]
set constant at 5.8 mM): vials were loaded with Cu(OAc),-H,0 (0.28 mg) and BTA"™ (4.0 mg) in dry

THF (500 pL) and the mixture was stirred for 30 minutes. The solvent was removed under vacuum and
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the tube was further put under vacuum (1.10" mbar) for 1 hour. A mixture of BTA Cha monomers with
the desired e.e. (7.5 mg in total) was added to vials, and then 6.2 mg BTA cyclohex were added to tubes

for the CD measurements with the achiral BTA additive. The total solvent volume is set to 1.0 mL.
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Catalytic experiments

In all catalytic experiments a pre-catalytic mixture composed of the ligand, the copper salt and
the substrate was prepared as follows: a tube was loaded with Cu(OAc),-H,0 (0.5 mg, 3.0 mol%) and
BTA™™ (6.9 mg, 12.0 mol%) in dry THF (500 pL) and the mixture was stirred for 30 minutes. The
solvent was removed under vacuum and the tube was further put under vacuum (1.10°° mbar) for 1 hour.
Then 1-(4-nitrophenyl)ethanone (14.0 mg, 0.085 mmol, 100 mol%) was added before flushing the tube

with argon for 10 seconds.

Then, the desired amount of BTA (S)-Cha or the mixture of BTA Cha monomers with the
desired e.e. as well as BTA cyclohex (10.9 mg, 12.0 mol%) were added to the tube as well as dry
toluene. The total solvent volume was set equal to 600 pL. The mixture was stirred for 15 min at room
temperature, and then the solution was briefly heated to reflux. After cooling down to room temperature,
PhSiH3 (21.0 pL, 0.17 mmol, 200 mol%) was added to the tube and the reaction mixture was stirred for
12 hours before being hydrolyzed with aqueous HCI and analyzed by *H NMR and chiral GC.

S&S-type type catalytic experiments: A 10.0 mM stock solution of BTA (S)-Cha was prepared
by mixing 11.7 mg of BTA (S)-Cha and 1.0 mL (867 mg) of toluene. Then 1.0 mM and 0.1 mM stock
solutions were prepared by dilution. Then the desired amount of BTA (S)-Cha monomers was
introduced: 86.7 mg of the 0.1 mM stock solution (16 pM), 43.4 mg of the 1.0 mM stock solution (80
p1M), 86.7 mg of the 1.0 mM stock solution (160 puM), 86.7 mg of the 10.0 mM stock solution (1.6 mM),
238.4 mg of the 10.0 mM stock solution (4.4 mM), 6.5 mg of solid BTA (S)-Cha (9.3 mM) and 12.9
mg of solid BTA (S)-Cha (18.4 mM).

MR-type type catalytic experiments: 110.0 mM stock solutions of BTA (S)-Cha and BTA (R)-

Cha were prepared by mixing 117.0 mg of the respective monomers and 1.0 mL (867 mg) of toluene.
These 110.0 mM stock solutions were mixed together in order to get the solutions with desired e.e.

Then 86.7 mg of the solution was added to the tube.

Chiral GC analyses: 1-(4-nitrophenyl)ethanol (NPnol). The optical purity was determined by GC
analysis: Chiral Cyclosil-B column, 30 m x 250 um x 0.25 um, inlet pressure = 12.6 psi. Injection
temperature = 250°C; detector temperature = 300°C; column temperature = 145°C. Retention time: 17.9
min (1-(4-nitrophenyl)ethanone), 47.6 min ((R)-enantiomer), 49.9 min ((S)-enantiomer).”
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Synthetic procedures

Materials preparation and methods: The synthesis and characterization of BTA™" 3 of BTA
(S)-Cha® and of BTA (R)-Cha®® have been described previously. BTA (S)-Cha and BTA (R)-Cha
monomers used in this study have been purified by preparative HPLC. 1-Aminocyclohexanecarboxylic

acid was purchased from Sigma-Aldrich and used as received. Benzene-1,3,5-tricarbonyl chloride, 1-(4-
nitrophenyl)ethanone (>98%), PhSiH; (>97%) and Cu(OAc),-H,0 (>99%) were purchased from Alfa
Aesar. 1-dodecanol and p-TsOH.H,O were acquired from Sigma Aldrich and were used directly. Unless
otherwise noted, chromatography-grade solvents were used as received. Dried solvents were obtained
from an SPS solvent purification system (IT-Inc). NMR spectra were recorded on a Bruker Avance 300
spectrometer and calibrated to the residual solvent peak: DMSO-ds (*H: 2.50 ppm; *3C: 39.52 ppm);
Acetone-d6 (*H: 2.05 ppm; *3C: 29.84 ppm). Peaks are reported with their corresponding multiplicity (s:
singlet; d: doublet, t: triplet; q: quartet; p: pentuplet; hept: heptuplet; dt: doublet of triplets; td: triplet of
doublets) and integration, and respective J coupling constants are given in Hertz. Exact mass
measurements (HRMS) were obtained on TQ R30-10 HRMS spectrometer by ESI+ ionization and are

reported in m/z for the major signal.

Synthesis of BTA cyclohex:

Step 1: Synthesis of dodecyl ester p-TsOH salt of 1-aminocyclohexanecarboxylic acid

In a Dean-Stark apparatus-mounted one-neck flask, 1-aminocyclohexanecarboxylic acid (1.0
equiv., 7.0 mmol) is suspended in toluene (0.047 M, 150 mL), and p-TsOH.H,0 (1.2 eq., 8.4 mmol) is
added at room temperature. Dodecanol (1.1 eq., 7.7 mmol) is then added, and the resulting slurry is
stirred at reflux temperature until the mixture turns totally clear. After cooling the reaction mixture to
room temperature, the crude reaction mixture is evaporated under reduced pressure to give a thick oil or
a solid. This residue is taken up in ca. 70 mL of Et,0, gently heated to 35°C, and let cool in an ice bath.
The resulting precipitate is filtered under vacuum and washed with ice cold ether to remove residual
reactants. The white solid is then dried under vacuum to yield the pure ammonium tosylate salt (90%
yield). *H NMR (400 MHz, DMSO-dg) & (ppm) = 8.37 (s, 3H), 7.47 (d, 2H), 7.12(d, 2H), 4.18 (t, %J=6.5
Hz, 2H), 2.29 (s, 3H), 2.02-1.15 (m, 30H), 0.87 (t, 3H). *C{*H} NMR (101 MHz, DMSO-ds) 8(ppm)=
171.42, 128.49, 125.95, 66.43, 59.14, 31.72, 28.99, 28.34, 24.29, 22.55, 21.24, 20.71, 14.41. HRMS
(ESI, m/z): Calculated for C19H3sNO,, [M-OTs]*: 312.2897, found: 312.2896.
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Step 2: Synthesis of BTAcyclohex:

In a flame-dried round-bottom flask under argon atmosphere, benzene-1,3,5-tricarbonyl chloride
(1.0 equiv., 3.0 mmol) is dissolved in dry CH,CIl, (100 mL) at room temperature. The ammonium
tosylate salt (3.3 equiv., 9.9 mmol) is then added in one portion, and the resulting mixture is cooled to
0°C with an ice/water bath. Dry EtsN (6.6 equiv., 19.8 mmol) is then added dropwise, the reaction is let
warm to room temperature and stirred for 36h. Brine is then added to the flask, and the crude mixture is
extracted thrice with CH,Cl,. The combined organic phases are dried over MgSQ,, filtered, and the
solvent is evaporated under reduced pressure. The product is then purified by column chromatography
on silica gel, eluting with DCM/EtOAc 100:0 — 85:15 gradient yielding BT Acyclohex as an off-white
gum (40% yield). *H NMR (acetone-dg): & (ppm) = 8.39(s, 3H), 7.98 (s, 3H), 4.07(t, %J=6.5 Hz, 6H),
2.30-2.15 (m, 6H), 2.01-1.91(m, 4H), 1.77-1.10 (m, 80H), 0.87 (t, 9H). *C{*H} NMR (acetone-ds): &
(ppm)= 174.48, 166.45, 136.13, 129.80, 65.22, 60.35, 33.28, 32.67, 26.72, 26.23, 23.36, 22.50, 14.38.
HRMS (ESI, m/z): Calculated for CesHi11N3OgNa, [M+Na]™: 1112.8213, found: 1112.8224. FT-IR
(ATR, cm™): 606 (m), 680 (m), 1139 (s), 1202 (s), 1295 (m), 1370 (w), 1451 (m), 1551 (s), 1632 (s),
1732 (s), 2848 (s), 2923 (s), 3054 (w), 3228 (w).
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NMR spectra
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BTA cyclohex

'H NMR (acetone-dg)
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Chapter 5 N-substituted benzene-1-urea-3,5-biscarboxamide
(BUBA): easily accessible C,-symmetric monomers for the
construction of reversible and chirally-amplified helical

assemblies

Abstract: Non Cs-symmetric supramolecular helices are gaining interest for the design of
hierarchical assemblies, for the compartmentalization or the self-assembly of polymer chains and for
application in asymmetric catalysis. We introduce N-substituted benzene-1-urea-3,5-biscarboxamide
(BUBA) monomers, which consist of one urea and two carbon-connected amide functions linked to an
aromatic ring, as an easily-accessible class of C,-symmetric supramolecular synthons. In apolar
solvents, BUBA monomers assemble into long helical assemblies by means of hydrogen-bonding and
aromatic interactions, as assessed by several analytical techniques. In order to probe the influence of the
urea function, BUBA and related benzene-1,3,5-tricarboxamide (BTA) helical polymers have been
compared in terms of their thermodynamics of formation, stability, reversibility and chirality
amplification properties. Like BTA, BUBA monomers form long helices reversibly through a highly
cooperative mechanism and the helicity of their assemblies is governed by chiral amplification effects.
However, precise quantification of their properties reveals that BUBA monomers assemble in a more
cooperative manner. Also, chirality amplification operates to a higher extent in BUBA helices as probed
by both sergeants-and-soldiers and majority-rules experiments. Compatibility between urea and amide
functions also allows the formation of co-assemblies incorporating both BUBA and BTA monomers.
Importantly, a small amount of chiral BUBA monomers in these co-assemblies is enough to get single-
handed helices which paves the way towards the development of functional supramolecular helices.
This work was published as Chem. Eur. J .2019, 25, 10650 (Yan Li, Ludovic Dubreucq, Bruno G.
Alvarenga, Matthieu Raynal and Laurent Bouteiller), and was reported here as published with

formatting to match with the rest of the thesis.
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| Introduction

Inspired by non-covalent helical biomacromolecules such as DNA, collagen and F-actin, huge
efforts have been devoted to the synthesis of artificial helices,'™ not only in order to better control their
mechanism of formation but also as a result of their exciting properties as asymmetric catalysts,™ as
sensors,* as templating agents,” as lyotropic,® or ferroelectric materials,” as organic luminophores,'**
and as spin filters.”*** The predictable assembly of small building blocks by means of directional non-
covalent interactions constitutes the method of choice for the construction of supramolecular helical
assemblies. Notably, aromatic scaffolds connected with hydrogen-bonding groups™ are known that
stack upon each other through a cooperative mechanism and yield long one-dimensional supramolecular
polymers in solution.®” Moreover, chirality induction and amplification phenomena are operative in
these dynamic systems and are key elements for the preparation of functional assemblies.'®*

Benzene-1,3,5-tricarboxamide monomers (BTA, Chart. 1) are ubiquitous supramolecular
synthons for the construction of helical stacks.?* Adjacent monomers are connected by means of three
hydrogen-bonds and an aromatic interaction between the BTA rings. The main advantages of the BTA
platform are the simplicity of the BTA chemical structure, the predictability and cooperativity of the
assembly process and the strong chirality amplification properties governing the formation of the helical
assemblies. N,N’,N’’-substituted Csz-symmetric BTA monomers are easily prepared by direct
functionalization of benzene-1,3,5-tricarboxylic acid or its acyl chloride derivative and have found
numerous applications in various fields of chemical sciences. When it comes to imparting BTA
assemblies with specific properties, the integration of one or two functional groups on the BTA unit is
highly desired. C,-symmetric BTA monomers have notably been used in organic solvents as assembling

22-27

ligands for performing asymmetric reactions, as building blocks for the design of hierarchical

structures,”® and as pendant units to trigger the folding or the self-assembly of polymer chains.?®3*
These desymmetrized BTAs are obtained via the incomplete hydrolysis of trimethyl benzene-1,3,5-
tricarboxylate,>* the partial esterification of trimesic acid,® or the stoichiometrically-biased addition of

alkyl amines to trimesic chloride,? * 36-37

all these routes being lengthy and modestly efficient.
Avoiding such desymmetrization protocols will significantly leverage the synthetic effort towards C,-

symmetric assembling units and their corresponding helical assemblies.

C,-symmetric starting materials such as 3,5-dinitroaniline,®*° 3 5-dinitrobenzoic acid,***! and
5-aminoisophthalic acid®® “*“® not only facilitate the preparation of disk-like molecules with two
different side chains but also allow to connect urea and amide functions to the same aromatic ring.

However, the influence of different recognition units on the assembly properties of these monomers has
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been scarcely investigated. Meijer and co-workers reported on unsymmetrical “gallic” disks composed
of two urea and one nitrogen-connected amide functions and found that the urea groups promoted the
formation of columnar helical aggregates in dilute alkane solutions.®® However, the supramolecular
helices formed by these monomers or by related Cs-symmetric benzene-1,3,5-trisureas”’ are poorly
dynamic and display modest chirality amplification properties. Clearly, a balance has to be found
between the stronger hydrogen bond-forming capability of urea functions and the dynamics of the
assemblies in order to maintain (or outperform) the properties observed in BTA helices. Here, we
introduce N-substituted benzene-1-urea- 3,5-biscarboxamide (BUBA, Chart 1) monomers, comprising
one urea function and two carbon-connected amide groups, as a new family of easily-accessible C2-
symmetric supramolecular synthons. The assembly behaviour of BUBA monomers has been probed by
several analytical techniques and compared to that of BTA analogues in order to precisely assess the
influence of the urea function on the structure and properties of the supramolecular helices. Our study
reveals that BUBA monomers form long, stable and reversible helical assemblies in apolar solvents.
The presence of the urea function positively influences the extent of cooperativity and the degree of
chirality amplification operating in these helical supramolecular systems. The compatibility between the
urea and amide functions is further exploited to generate single-handed BUBA/BTA co-assemblies

which will foster the development of functional supramolecular helices.
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Chart 1 Molecular structures of the mor{bmers investigated throughout this paper. Representation of the
supramolecular BTA helices (the R and R! groups are assumed to be randomly distributed at the
periphery of the helices). (rac)-BUBA is racemic by synthesis and thus consists of the stereoisomers
(Surea,S,S), (SureasR,S), (Surea,R\R), (Rurea,S,S), (RureasR,S), (Rurea,R,R) in @ 1:2:1:1:2:1 ratio. (rac)-BTA is
racemic by synthesis and thus consists of the stereoisomers (S,S,S), (S, S, R), (R,R,S), (R,R,R) in a
1:3:3:1 ratio. (S)-BUBA and (S)-BTA consist of a 1:1 mixture of the (S,S,S) and (R,S,S) stereoisomers.
The assembly properties of (S)-BTA will be compared to that of its structural analogue *(S)-BTA,

reported in the literature.*®>?
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Il Results and Discussion
11.1 Synthesis of the monomers

Gram-scale synthesis of BUBA monomers has been achieved in three steps from dimethyl 5-
aminoisophthalate, a cheap starting material (SM), through conventional synthetic protocols with
overall yields > 50% (see Fig. 1 for (S)-BUBA). Branched alkyl side chains ((rac)-2-ethylhexyl for
(rac)-BUBA and both (rac)-2-ethylhexyl and optically pure 1-methylheptyl for (S)-BUBA and (R)-
BUBA) have been preferred over linear ones to favour the formation of one-dimensional soluble
assemblies.>® After recrystallization in acetonitrile, (rac)-BUBA is obtained as an amorphous solid and
(S)-BUBA and (R)-BUBA are crystalline solids. The high purity of the BUBA monomers is confirmed
by 'H NMR, *C NMR and High-Resolution Mass Spectrometry analyses. As a result of the chiral
racemic nature of the 2-ethylhexyl side chain, (rac)-BUBA is a racemic mixture of 6 stereoisomers and
(S)-BUBA consists of a 1:1 mixture of the (S,S,S) and (R,S,S) stereoisomers (see caption of Chart 1).

T{Cj\f T{ij\f 4 T(ij\f
o —»
5%

R
R CH31 (S) -BUBA
R H, 2 (95%)
50% overall yleId 5

Figure 1 Synthesis of (S)-BUBA. (i) Triphosgene/DIEA/2-ethylhexylamine, (ii) LiOH/H,O and (iii)
EDC-HCI/DMAP/(S)-2-octylamine.

BTA analogues of these BUBA monomers have been prepared with the purpose of precisely
probing the influence of the urea function on the structure of the assemblies as well as on their
chiroptical and dynamic properties. Cs-symmetric (rac)-BTA is obtained in a single step according to
literature.>® For C,-symmetric BTAs, a well-established route has been followed which consists in the
partial hydrolysis of trimethyl benzene-1,3,5-tricarboxylate® and subsequent amidation — hydrolysis —
amidation steps. This four-steps procedure furnishes (S)-BTA and (R)-BTA with an overall yield of
10% and 6%, respectively, as a result of the limited efficiency of the desymmetrization step (see Chart
S1 for the compared syntheses of (S)-BUBA and (S)-BTA). Starting from a C,-symmetric starting
material thus allows BUBA monomers to be obtained in significantly higher yields than their BTA

analogues.
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Figure 2 SANS analysis of (rac)-BUBA (6.0 g.L™, 10.8 mM) in C;Ds at 293 K. The curve was fitted

according to the form factor for rigid rods of infinite length with a circular cross section and a uniform
scattering length density (L =length, r =radius, n_. =number of molecule per unit length, n= number of

molecule in the cross-section assuming a repeat distance of 3.6A).>
11.2 Structure of the self-assemblies

The structure of (rac)-BUBA self-assemblies has been probed by means of Small-Angle
Neutron Scattering (SANS), Fourier-Transform Infrared (FT-IR), Circular Dichroism (CD) and UV-Vis
absorption analyses. The g™ dependence of the scattering intensity at low q values is indicative of the
presence of rigid one-dimensional objects (Fig. 2). Fitting of the SANS data shows that these objects are
very long (length>1000 A, DP,,>275) and contain a single molecule of BUBA in the cross-section (r =
7.6 A,*® n=0.75).>® FT-IR analysis of a 5 mM solution of (rac)-BUBA in decahydronaphthalene (DHN,
Fig. 3b) provides information about the nature of the hydrogen-bond network in BUBA assemblies.
Two distinct absorption maxima are detected in the N-H region, at 1=3369 cm™ and [1=3250 cm™,
which correspond to bonded urea N-H and bonded amide N-H functions, respectively, by analogy with
the FT-IR spectra of ATEHU (Chart S2) and (rac)-BTA (Fig. 3a). In fact, models for free urea and
amide moieties have also been recorded (Fig. S1) which allows for a quantitative analysis of the
proportion of free N-H groups in BUBA self-assemblies. The resulting simulated FT-IR spectrum is
shown in Fig. 3b (see Fig. S2 for its deconvolution into bands for bonded and free groups). The
following points concerning the structure of BUBA self-assemblies are inferred from these analyses: (i)
most of the urea (99%) and amide (97%) functions are bonded, (ii) the free urea and amide groups are
not located at the chain ends®’ but can be rather considered as “defects” in the hydrogen-bond network
since their amount does not decrease when the concentration in BUBA monomers increases (Fig. S1)

and, (iii) the bonded urea N-H band in the experimental spectrum is blue-shifted comparatively to that
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in the simulated spectrum which indicates that the N-H urea groups in BUBA polymers are less strongly

associated than in 4ATEHU assemblies.

(S)-BUBA and (R)-BUBA form helical assemblies in DHN as probed by CD analyses (Fig. 4).
Four CD signals are observed with maxima at 299 nm (|Ag[=3 L.mol™*.cm™), 250 nm (|Ag|=16 L.mol
tem™), 224 nm (JAg|=28 L.mol™.cm™) and 207 nm (JAe|=66 L.mol™.cm™) whereas no detectable signals
are seen in the molecularly-dissolved state. Interestingly, the Cotton effect at 299 nm is related to an
electronic transition (m—m* or n—=*) of the urea carbonyl group.®® The marked difference between the
CD spectra of (S)-BTA (Fig. S4) and (S)-BUBA, the presence of an ECD band exclusively attributed to
the urea function and the FT- IR analyses (vide supra) all corroborate the involvement of the urea group
in the hydrogen-bonding network of BUBA assemblies. The main UV-Vis absorption band is
hypsochromically shifted upon assembly (dotted arrow in Fig. 4 bottom, AA=9 nm) which indicates a H-
type aggregation mode for BUBA monomers. The CD spectra of (S)-BUBA and (R)-BUBA are, as
anticipated, mirror images but it remains to be determined whether their handedness is identical to (S)-
BTA and (R)-BTA respectively since it has been previously found that subtle modification in the

structure of the monomer can lead to inversion in the sense of rotation of the respective assemblies.*®>*

52

The above-mentioned analyzes provide a precise picture of the structure adopted by BUBA self-
assemblies: they are one-dimensional with a single molecule in the cross-section and they form helices
with a preferred handedness in which most of amide and urea functions are bonded and the aromatic
rings are stacked upon each other. Preliminary modeling studies show that helical assemblies in which
the urea (resp. amide) functions are preferentially connected to the urea (resp. amide) functions, as
represented in Figures 3b and S3,%° constitute a possible structural arrangement of the BUBA
monomers. Other arrangements are probably possible, but whatever their precise connections, amide
and urea groups in BUBA monomers are compatible and both stabilize the helical assemblies through

hydrogen bonding.
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Figure 3 (a) FT-IR analyses of (rac)-BTA (10 mM, toluene) and 1-(4-tolyl)-3-(2-ethylhexyl)-urea
(4TEHU, 25 mM, DHN), symmetric “models” for fully bonded amide and urea functions, respectively.
(b) FT-IR analysis of (rac)-BUBA (5 mM, DHN, 293 K) and simulated spectrum aimed at probing the
hydrogen bond network of BUBA assemblies as discussed in the main text and in the SI (Figs. S1 and
S2).
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Figure 4 CD (left) and UV-Vis absorption spectra (right) of (R)-BUBA and (S)-BUBA in the
assembled state (0.2 mM, DHN, 293 K) and of (R)-BUBA in the dissociated state (0.2 mM, EtOH, 293
K).

11.3 Thermodynamic parameters of self-assembly

In the following parts, the assembly properties of BUBA monomers will be probed by several
techniques and compared to those of BTA analogues of Chart 1. Spectroscopic analyses of solutions of
these BTAs in toluene (Fig. 3a) and in DHN (Fig. S4) are fingerprint of the presence of very long

hydrogen-bonded helices with the structure represented in Chart 1.% %% 5% The (rac)-2-ethylhexyl
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moiety does not prevent the formation of homochiral self-assemblies, left-handed and right-handed for
(S)-BTA and (R)-BTA, respectively (Fig. S4).

CD analyses of a 0.2 mM solution of (R)-BUBA in DHN show a gradual decrease of the
intensity of the CD signals upon heating (Fig. 5a). The spectra obtained at 293 K and 373 K are
diagnostic of the polymer and the monomer, respectively. The self-assembly process can thus be
precisely probed by monitoring the CD signal at a given wavelength (Fig. 5b). The CD cooling and
heating curves of (R)-BUBA have been recorded at 0.3 K.min™, a sufficiently slow rate to ensure that

the assembly process is under thermodynamic equilibrium.

Firstly, the self-assembly process is fully reversible since the transitions in the cooling and
heating cycles have the same amplitude. Secondly, both transitions are nonsigmoidal which implies a
cooperative aggregation process of (R)-BUBA monomers in DHN. The cooperative aggregation mode
of BTA monomers in organic solvents has previously been quantified by the nucleation-growth model
developed by van der Schoot and co-workers,®* and the same model has thus been applied to fit the CD
cooling and heating curves of (R)-BUBA (Fig. 5b) and (S)-BTA (Fig. S5) in DHN. The extracted
parameters are the dimensionless equilibrium constant Ka (activation of the monomer) and the enthalpy
release upon elongation (he) at the elongation temperature (Te). These values are compiled in Table 1.

We first comment on the thermodynamic data obtained for (S)-BTA. The average enthalpy of

elongation obtained from the CD measurements, be =37 kI.mol-1. js consistent with the value obtained
for a range of structurally-similar BTA monomers, including *®(S)-BTA (Chart 1).® This value is
expected to be concentration/temperature independent and is thus characteristic of the enthalpically-
driven assembly of the BTA monomers into the threefold hydrogen-bonded helix. The value of Ka must
be interpreted cautiously since it is concentration and temperature dependent.”® ® The equilibrium
constant determined for (S)-BTA at 0.2 mM, Ka =10, is more than one order of magnitude higher than
that reported for °¥(S)-BTA (Ka <10®, ¢ =0.05 mM)® but is close to the value obtained for achiral
BTA (c =0.05 mM).®* The lower cooperativity of (S)-BTA compared its analogues is probably due to
the presence of three branched side chains connected to the central BTA core and/or the presence of two

stereoisomers which (slightly) weakens the strength of the hydrogen-bonding (HB) interactions.®®
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Figure 5 (a) CD spectra of (R)-BUBA from 293 K to 373 K in the heating cycle (0.2 mM,
DHN), one spectrum recorded every 10 K. (b) CD cooling (=) and heating (m) curves of (R)-BUBA (0.2
mM, DHN, A =250 nm), between 293 K and 373 K, cooling and heating rate =0.3 K.min™. The curves
have been fitted with the nucleation-growth model.®* It requires both the nucleation and elongation
regimes to be fitted by two independent equations. For sake of clarity, only the fit of the elongation
regime is shown. The decreasing of the CD values at the lower temperatures is attributed to partial

precipitation.

Table 1 Thermodynamic parameters for the self assembly of 0.2 mM solutions of (R)-BUBA and (S)-
BTA in DHN, determined by applying the nucleation-growth model to the CD cooling and heating

curves.

monomers data Te /K he / kd.mol™* K,
woes oy T T
(9r8TA o (bt 3198 603 I

The average thermodynamic parameters obtained by fitting the CD cooling and heating curves
of (R)-BUBA are: Te =355 K, 7. =72 klmel ™ gnq Kz =107 The higher absolute value of the elongation
enthalpy for (R)-BUBA compared to (S)-BTA (|Ahe| =15 kJ.mol™) probably stems from the additional
hydrogen bond donor provided by the urea group. Despite the higher strength of its HB network, (R)-
BUBA assemblies are slightly weaker than those of (S)-BTA as indicated by the lower T, value (AT, =-

19 K). Therefore, the energetic gain from the enthalpy term is over compensated by an entropic cost,
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possibly due to a higher conformational order (more internal order) of the BUBA monomers within

their helical self-assemblies.

The determined K, value clearly reveals that polymerization of (R)-BUBA monomers proceeds
with a good level of cooperativity and thus corroborates the formation of very long assemblies in
solution. Although the values of K, are determined at slightly different temperatures, the significant
different values obtained show that BUBA assemblies are more cooperative than BTA. It is also
supported by overlaying the CD cooling curves of (R)-BUBA and (S)-BTA since the change in CD

intensity at T, is clearly more abrupt in the former case (Fig. S6).
11.4 Chirality amplification properties

Chirality amplification is achieved when the main chain chirality of polymers is controlled by a
small amount of chiral monomers (sergeant) combined with achiral ones (soldier) or by a small bias in
the optically purity of a mixture of enantiomerically-related monomers.*® ® The former phenomenon is
referred to as the sergeants-and-soldiers (S&S) effect and the latter as the majority-rules (MR) principle.
Cooperative assembly of monomers, notably when governed by hydrogen-bonding interactions,
generates supramolecular polymers with strong chirality amplification properties. Previous studies have
demonstrated the possibility of preparing homochiral BTA helices with sergeants-and-soldiers mixtures
or scalemic mixtures of BTA enantiomers.** > 9%  Chirality amplification in helical supramolecular
polymers has been modelled by assuming energy penalties for the inversion of handedness of the stacks
(helix reversal penalty, HRP) and for the incorporation of a monomer in a stack of its unpreferred
helicity (mismatch penalty, MMP).%*"* Only a few studies have addressed the correlation between the
structure of the monomers and the extent of chirality amplification in the resulting polymer
assemblies.® *"> As both BUBA and BTA monomers associate in a cooperative manner (vide supra),
it makes it possible to probe the influence of the urea function on the induction and amplification of

chirality in the related hydrogen-bonded helices.
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Figure 6 (a) CD spectra of the sergeants-and-soldiers type experiments obtained by mixing solutions of

(R)-BUBA and (rac)-BUBA at 293 K (ci:=0.2 mM, DHN). (b) Net helicity as a function of the fraction
of sergeant obtained from CD mixtures of (R)-BUBA and (rac)-BUBA or of (S)-BTA and (rac)-BTA
at 293 K (Ciot =0.2 mM, DHN). The net helicity is obtained by dividing the molar CD value at =207 nm
(for BUBA) and at =225 nm (for BTA) of the S&S mixtures by the molar CD value of the pure
sergeant. For each type of monomers, the data of the S&S and MR experiments have been fitted (blue
and red solid lines) simultaneously following the procedures described by Smulders et al.®® (for S&S)

and by van Gestel®

(for MR). Please see the excel spreadsheet in the Supporting Material of this paper
for all the details of the calculation. The result of the fit is indicated in the caption of Fig. 7. The black

solid line represents the fate of net helicity in absence of chirality amplification.

We have first performed typical sergeants-and-soldiers experiments except that in our case the
soldier is racemic instead of achiral. CD spectra of mixtures of (R)-BUBA and (rac)-BUBA (Cit = 0.2
mM) in DHN differ by their intensity, not by their shape, which suggest that the sergeant and the soldier
adopt the same conformation in the helical stacks (Fig. 6a). The same holds true for S&S mixtures
between (S)-BTA and (rac)-BTA (Fig. S7a). The net helicity, i.e. the ratio between left-handed and
right-handed fragments in the one-dimensional helical stacks, is plotted as a function of the fraction of
sergeants for BUBA and BTA mixtures (Fig. 6b). Both S&S type supramolecular polymers exhibit
chirality amplification properties.
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Figure 7 (a) CD spectra of the majority-rules type experiments obtained by mixing solutions of (R)-

BUBA and (S)-BUBA at 293 K (cy: =0.2 mM, DHN). Positive (negative) e.e. values correspond to
mixtures enantioenriched in (R)-BUBA ((S)-BUBA resp.) monomers. (b) Net helicity as a function of
the e.e. of the monomer obtained from CD mixtures of (R)-BUBA and (S)-BUBA or of (R)-BTA and
(S)-BTA at 293 K (cit=0.2 mM, DHN). The net helicity is obtained by dividing the molar CD value at A
=207 nm (for BUBA) and at A =225 nm (for BTA) of the MR mixtures by the molar CD value of the
pure monomer. For each type of monomers, the data of the S&S and MR experiments have been fitted
(blue and red solid lines) simultaneously following the procedures described by Smulders et al.® (for
S&S) and by van Gestel®’ (for MR). Please see the excel spreadsheet in the Supporting Material of this
paper for all the details of the calculation. It provides the following values: HRP =10 kJ.mol*, MMP
=2.4 kJ.mol™ for BUBA and HRP =8.2 kJ.mol™, MMP =4.5 kl.mol™ for BTA. The black solid line

represents the fate of the net helicity in absence of chirality amplification.

For the BTA mixtures, the maximal helicity is attained for the mixture containing ca. 10% of
sergeants. A similar level of amplification was obtained with *®(S)-BTA®% whereas a BTA with three
chiral side chains proved to be more efficient.>® ® A net helicity of 0.87 and 0.67 is reached for
mixtures containing 5% of BUBA and BTA soldiers, respectively, highlighting a sligthly better

induction of chirality by the sergeants in the BUBA helical assemblies.

A 3:2 mixture of (R)-BUBA and (S)-BUBA monomers in DHN (Cit = 0.2 mM, 20% e.e.)
exhibits a CD signal which is ca. half as intense as the one of pure (R)-BUBA (Fig. 7a). This supports
the strong non-linearity in the handedness of the BUBA helices as a function of the optical purity of the
monomers (Fig. 7b) and is in sharp contrast with the modest amplification of chirality observed for the
mixtures of (S)-BTA and (R)-BTA (Figs. 7b and S7b).
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A more precise determination of the extent of chirality amplification operating in BUBA and
BTA helices is gleaned by simultaneously fitting the S&S and MR experiments for each platform
following the procedures described by Smulders et al.®® (for S&S) and by van Gestel®” (for MR). For the
BTA platform, the HRP (8.2 kJ.mol™) and MMP (4.5 kJ.mol™) values deduced from the fits are lower
and higher, respectively, to that reported in the literature for °¥!(S)-BTA in methylcyclohexane.®® This
is consistent with the modest degree of chirality amplification exhibited by this set of BTA helices in
both S&S and MR experiments. This also connects well with the lower extent of cooperativity observed
during their supramolecular polymerization (vide supra). We presume that the branched nature of the
side chain, the presence of racemic centres in the side chains (instead of achiral or chiral ones) and/or
subtle solvent effects explain the mitigated chirality amplification ability of the BTA helices
investigated in this study.

The better chirality amplification of the BUBA relatively to the BTA platform is reflected by its
higher HRP (10 kJ.mol™) and lower MMP (2.4 ki.mol™) values. The mutation of a single amide
function by a urea one modifies the intermolecular non-covalent network which thereby remarkably
affects the energy penalties. We presume that the higher strength of the hydrogen-bond network in
BUBA stacks, as deduced from the elongation enthalpy value, is responsible for the increase of the HRP
which in turn lower the MMP since the two values are interconnected for a given supramolecular

platform.*®
11.5 Mixing BUBA and BTA stacks

Combining monomers possessing different but compatible units appears as an attractive
approach to generate complex architectures or co-assemblies with improved properties.”® Previous
studies related the formation of co-assemblies upon mixing Cs-symmetric monomers such as C=0-
centred BTA and nitrogen-centred BTA monomers’? or C=0-centred BTA and benzene-1,3,5-trisurea
monomers,*” even though in the latter case segregation into single-component stacks quickly occurs
after mixing. Since both BUBA and BTA self-assemble through a cooperative pathway (vide supra), it
is interesting to probe the possibility of lowering the symmetry of BTA helices by incorporation of

BUBA monomers.

Mixtures of (R)-BUBA and (rac)-BTA monomers in DHN were analyzed by CD spectroscopy
(Ctot =0.2 mM). Firstly, the formation of copolymers was confirmed by comparing the experimental CD
spectra with those simulated for a combination of the homopolymers (see Fig. 8a for the mixture
containing 30% of (R)-BUBA). The much higher intensity of the experimental CD curve compared to
the simulated one indicates that both co-assembly and strong chirality amplification occur. This
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conclusion qualitatively holds for fractions of (R)-BUBA in the mixture below 60% (Fig. S8). The
compatibility between the urea and the amide functions thus prevents segregation. Interestingly,
virtually identical CD spectra are obtained, shortly after mixing the preassembled homopolymers at 293
K and by slowly cooling a mixture of the monomers from 383 K down to 293 K (Fig. 8a). Thus,
different pathways lead to the same co-assemblies and the dynamic nature of BTA and BUBA
assemblies allows rapid equilibration of the composition and favours the formation of the copolymers.
Further information on the co-assembly process is disclosed by the CD cooling curve of the mixture
containing 30% of (R)-BUBA (Fig. 8b). Co-polymerization occurs cooperatively with a Te value of 366
K, i.e. higher than for (R)-BUBA homopolymer and close to the one found for (S)-BTA homopolymer.
Importantly, the presence of a single Te value is an additional testimony of a co-assembly rather than a
self-sorting process since the latter one would have exhibited two distinct transitions.
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Figure 8 (a) CD spectra for the mixture of (R)-BUBA and (rac)-BTA (3:7) prepared by two different

methods (ci: =0.2 mM, DHN). The experimental spectra are shown together with the fitted spectrum
(see Fig. S8 and the text for more details) and the simulated CD curve for segregated stacks (no co-
assembly). (b) CD cooling curve of (R)-BUBA/(rac)-BTA 3/7 mixture (Cio:=0.2 mM, DHN =225 nm),
between 293 K and 383 K, cooling and heating rate =0.3 K.min™. The curves have been fitted with the
nucleation-growth model.®* Result of the fit: T, =366 K, he =—58 kJ.mol?, K, =10°. For the sake of
comparison, the CD curves of pure (R)-BUBA and (S)-BTA are also shown.

Although BUBA and BTA self-assemblies share structural similarities (vide supra), their
strikingly different CD spectroscopic signatures infer that they do not adopt identical conformations and
this must be taken into consideration when interpreting the CD spectra of their mixtures. A closer look
at the experimental CD curves at 293 K (Fig. 9a) reveals that all spectra, except the one containing 95%
of (R)-BUBA, exhibit a CD signal which has a similar shape as the CD signal of (R)-BTA. From this, it
can be deduced qualitatively that the (rac)-BTA units adopt preferentially the conformation of (R)-BTA
helices in presence of (R)-BUBA. Fitting the CD curves can provide more quantitative information
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about the extent of chirality amplification and the conformation displayed by these helical co-
assemblies (Figs. 8a and S8). More precisely, the experimental CD spectrum is simulated by combining
the individual spectra of (R)-BUBA and (R)-BTA and their content is adjusted to minimize the
difference between the simulated and experimental spectra. The good quality of the fits allows to extract
the relative contribution of (R)-BUBA and (R)-BTA to the overall CD signal displayed by the co-
assemblies (Table S1). The fraction of stacks adopting (R)-BUBA-like (blue dots) or (R)-BTA-like (red
dots) conformations is plotted in Fig. 9b as a function of the introduced fraction of (R)-BUBA in the

mixture, and the concentration of all species present (i.e. the speciation plot) is shown in Fig. S9.
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Figure 9 (a) CD spectra of mixtures of (R)-BUBA (0-100%) and (rac)-BTA at 293 K (Cit =0.2 mM,

DHN). In the caption, the mixtures are sorted according to the conformation preferentially adopted by
the co-assemblies as determined by fitting the CD curves (Figs. 8 and S8). (b) Fraction of monomers
with a chiral conformation in the co-assemblies as a function of the fraction of (R)-BUBA in the
mixtures. The total fraction of chiral monomers (black dots) corresponds to the sum of monomers with
(R)-BTA-like (red dots) and (R)-BUBA-like (blue dots) conformations as determined by fitting the
experimental CD curves of the different mixtures (Fig. S8 and Table S1). The zones filled in light grey
and light blue correspond to co-assemblies which preferentially adopt a BTA-like and BUBA-like

conformation, respectively. The hatched area correspond to fully chirally-amplified co-assemblies.

Three characteristic zones emerge from this analysis: (i) for mixtures containing between 5%
and 40% of (R)-BUBA most of the monomers adopt a chiral conformation (i.e. full chiral amplification
occurs). Moreover, (R)-BUBA (the sergeant) imposes its helical preference, but (rac)-BTA (the soldier,
which is present in excess) imposes its conformation. (ii) In the intermediate range (from 50% to 80%
(R)-BUBA) the soldier still imposes its conformation to a significant fraction of the sergeant but it also
creates defects that result in a reduced chirality amplification.”” (iii) In the range above 80% of (R)-

BUBA both the helicity and the conformation are imposed by the sergeant. These results stress out the

192



strong interaction between the monomers in the helical co-assemblies which is in striking contrast with
the weak interactions between structurally-similar hydrogen-bonded monomers recently reported in the
literature.” This also points towards an alternate or random organization of the monomers within the
BUBA/BTA copolymers.

Most importantly, these mixing experiments highlight the efficient incorporation of BUBA
monomers into the one-dimensional helical assemblies of BTA. Thanks to chirality-amplification
phenomena, 10% of BUBA “sergeants” are enough to generate single-handed co-assemblies with a
BTA-like conformation. The compatibility between the urea and amide functions in the mixed
aggregates also dictates the monomer interactions and this can probably be further extended to control

the monomer sequences in such types of chiral supramolecular co-polymers.’®®

111 Conclusion

Compatibility between the recognition units dictates the assembly properties of disk-like
molecules possessing multiple functional groups. Here, we show that N-substituted benzene-1-urea-3,5-
biscarboxamide (BUBA) monomers, comprising one urea function and two carbon-centred amide
functions connected to the same aromatic ring, form long, reversible and highly chirally-amplified
helical assemblies in apolar solvents. This class of monomers provides an easy access to non Cs-
symmetric supramolecular helices which are useful for the design of hierarchical assemblies, for the
compartmentalization or self-assembly of polymer chains and for application-driven studies in
asymmetric catalysis. Single-handed helices are obtained by self-assembly of BUBA monomers
possessing chiral sides chains and more importantly by incorporating a small amount of chiral BUBA
monomers in a racemic mixture of left- and right-handed benzene-1,3,5-tricarboxamide (BTA) stacks.

By comparing the structure BUBA and BTA monomers, our study also provides the influence of
a single mutation on the structure and properties of the resulting supramolecular polymers. Such
structure — properties relationships, notably when considering the triad: stability — mechanism of
aggregation — chirality amplification, are currently lacking despite their necessity for the design of more
efficient supramolecular polymer platforms. Clearly, BUBA and BTA assemblies have more similarities
than differences. They both aggregate through hydrogen bonding and aromatic interactions by means of
a cooperative mechanism, form long helices in solution, are reversible and their main chain helicity can
be amplified. Nevertheless, the stability of BUBA assemblies is slightly lower despite the presence of
an additional hydrogen bond interaction provided by the urea groups (as reflected by the higher
elongation enthalpy). Conversely, BUBA self-assembly proceeds with a higher level of cooperativity
and the main chain chirality of their resulting helices is more strongly amplified. It is worth to note that
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previous modification of the BTA structure led to mitigated properties for the resulting assemblies in

term of reversibility, stability, cooperativity and chirality amplification,*” > 7473

Ongoing work in our laboratory is focused on better understanding of the BUBA assemblies at
the molecular level and notably the position of the urea groups, the possibility of controlling the
monomer sequence in BUBA co-assemblies and the implementation of BUBA assemblies in

asymmetric catalysis.
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Chart S1 Compared synthesis of (S)-BUBA and (S)-BTA. (i) Triphosgene/DIEA/2-ethylhexylamine;
(i) LiOH/H,0; (iii) EDC-HCI/DMAP/(S)-2-octylamine; (iv) NaOH;* (v) EDC-HCI/DMAP/2-

ethylhexylamine.

Note: An alternative synthesis of (S)-BTA can be envisaged by partial esterification of trimesic acid

according to the procedure described by Sleczkowski et al.®

Assuming the same yields than in Fig. 1
for the hydrolysis and amidation steps, an overall yield of 13% is found for (S)-BTA prepared via this

method.
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Chart S2 Chemical structures of the models used throughout this study. 4TEHU= 1-(4-tolyl)-3-(2-
ethylhexyl)-urea, EHBA = N-(2-ethylhexyl)benzenecarboxamide.
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Figure S1 Characterization of BUBA self-assemblies. FT-IR analyses of (rac)-BUBA (1 and 5 mM,
DHN) and of various models (Chart S2): (rac)-BTA (10 mM, toluene) for bonded amide functions, N-
(2-ethylhexyl)benzenecarboxamide (EHBA, 2 mM, toluene) for free amide functions, 1-(4-tolyl)-3-(2-
ethylhexyl)-urea (4TEHU, 25 mM, DHN) for bonded urea functions and 4TEHU (2 mM, toluene) for
free urea functions. Zoom on the N-H (left) and amide |1 C=0 (right) absorption bands.
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Figure S2 Characterization of BUBA self-assemblies. Simulated FT-IR spectrum of (rac)-BUBA and
its deconvolution into free and bonded amide and free and bonded urea bands. The region

corresponding to free amide or urea groups is shown in the insets. Zoom on the N-H (Top) and amide |
C=0 (Bottom) absorption bands.
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Procedure for simulation of the FT-IR spectrum of (rac)-BUBA: The region of the experimental
spectrum of (rac)-BUBA between 3425 cm™ and 3500 cm™ is fitted by combining the spectra of the
models described in Fig. S1 and minimizing the difference error with the Solver function of Excel
software. The simulated spectrum is calculated according to the relative contributions of urea and amide
functions in BUBA. The following result is obtained: simulated spectrum =2x0.03xEHBA +
0.01x4TEHU™® + 2/3x0.97x(rac)-BTA + 0.99x4TEHU" |t provides the percentage of free amide
(3%) and free urea (1%) functions which means an average of 2% of free N-H bond.

Figure S3 Modeled structure of BUBA self-assemblies in which the urea and amide functions are
connected in an orthogonal manner to urea and amide respectively. (a) “Ball-and-stick” representation
of a BUBA tetramer in which the urea functions have been represented in the space filling and
wireframe styles. (b) Diagram highlighting the threefold hydrogen bonding array corresponding to one

helix turn (6 monomers). The urea groups are highlighted in red.

Construction of the threefold hydrogen-bonded helix: The X-ray structure of N,N’,N*’-tris(2-methoxyethyl)benzene-
1,3,5-tricarboxamide® was selected as a model for the construction of BUBA stacks. A hexamer was extracted, the side
chains were removed, replaced by methyl groups and one helical strand of amide functions was replaced by a helical strand
of urea functions. Helical stacks of N,N’,N’’- tris(methyl)benzene-1-urea-3,5-biscarboxamide were optimized by means of a
molecular mechanics method (MM3) using the software Scigress (Fujitsu) keeping fixed the two helical strands of amide
functions. An extensive modeling study, following well-known simulation procedures for self-assembling supramolecular

systems,® is required to probe the precise geometry of the columnar stacks formed by BUBA units.
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Figure S4 Characterization of BTA self-assemblies. CD (left) and UV-Vis absorption spectra (right)
of (R)-BTA (DHN, stack), (S)-BTA (DHN, stack) and (R)-BTA (ethanol, monomer) at 0.2 mM.

Interpretation: Spectroscopic analyses of solutions of the selected BTAs in toluene (Fig. 3a) and
DHN (Fig. S4) are fingerprint of the presence of very long hydrogen-bonded helices with the structure
represented in Chart 1.%°% %9 The absorption maxima observed by Fourier-Transform Infrared (FT-
IR) analysis of (rac)-BTA (Fig. 3a), located at v =3241 cm™ and v =1644 cm™, are diagnostic of bonded
amide functions in BTA helical assemblies. The hypsochromic shift, observed in the UV-Vis absorption
spectrum, when going from monomer to assemblies of (S)-BTA and (R)-BTA is consistent with the
formation of H-type aggregates. The Circular Dichroism (CD) spectrum of (S)-BTA in DHN exhibits a
broad band with one maximum at =~ 225 nm in the n—=* transition region (type | spectrum according to
Nakano et al.).>® The sign and shape of this CD signal is similar to that previously found for a BTA
monomer substituted with two linear octyl chains and a single (1S)-methylheptyl group (°(S)-BTA,
Chart 1).*#°2 This shows that the (rac)-2-ethylhexyl group in (S)-BTA does not change the handedness
of the helices and does not significantly alter the conformation of the assemblies. Also, despite (S)-BTA
and (R)-BTA being a 1:1 mixture of two stereoisomers, the maximal intensity of their CD signals
(|Ae[=55 L.mol™.cm™) is identical, or even higher than those previously reported for enantiopure BTA
monomers, even those appended with three (S)-3,7-dimethyloctyl groups.*® °9% 62 Accordingly, the
(rac)-2-ethylhexyl moiety does not prevent the formation of homochiral self-assemblies, left-handed
and right-handed for (S)-BTA and (R)-BTA, respectively.*®
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Figure S5 Stability of BTA self-assemblies. (a) CD cooling (blue) and heating (red) curves of (S)-
BTA (0.2 mM, DHN, A =225 nm), between 293 K and 390 K, cooling and heating rate =0.3 K.min™.
The curves have been fitted with the nucleation-growth model.®* For sake of clarity, only the fit of the
elongation regime is shown. The decreasing of the CD values at the lower temperatures is attributed to

partial precipitation occurring under these conditions. The thermodynamic parameters extracted from

the fits are compiled in Table 1.
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Figure S6 Comparison of the extent of cooperativity in (R)-BUBA and (S)-BTA self-assembly process.

Plot of the degree of association (as deduced from CD cooling curves) as a function of 7—Te.
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Figure S7 Chirality amplification properties of BTA assemblies. (a) CD spectra of the sergeants-
and-soldiers type experiments obtained by mixing solutions of (S)-BTA and (rac)-BTA at 293 K (Cit
=0.2 mM, DHN). (b) CD spectra of the majority-rules type experiments obtained by mixing solutions of
(R)-BTA and (S)-BTA at 293 K (c=0.2 mM, DHN). Positive (negative) e.e. values correspond to
mixtures enantioenriched in (S)-BTA ((R)-BTA resp.) monomers. Net helicity plotted as a function of
the fraction of sergeant and net helicity as a function of the e.e. of the BTA monomers are shown in

Figs. 6 and 7, respectively.

Note: For each type of monomers, the data of the S&S and MR experiments have been fitted
simultaneously following the procedures described by Smulders et al.®® (for S&S) and by van Gestel®’
(for MR). It provides a single set of energetic parameters (MMP and HRP). Please see the excel

spreadsheet in the Supporting Material of this paper for all the details of the calculation.
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Figure S8 BUBA/BTA co-assemblies. CD spectra obtained by mixing solutions of (R)-BUBA and
(rac)-BTA at 293 K (cy: =0.2 mM, DHN) with the following fractions of (R)-BUBA: 1% (a), 5% (b),
10% (c), 20% (d), 30% (e), 40% (f), 50% (g), 60% (h), 70% (i), 80% (j) and 95% (k). For each mixture,
the experimental spectrum is shown together with the fitted CD curve and the simulated CD spectrum

for segregated stacks (no co-assembly, obtained by considering that only the introduced amount (R)-
BUBA contributes to the CD signal of the mixture).

Fitting procedure: The error difference between the experimental CD curve and the curve

obtained by a linear combination of the individual CD plots of (R)-BUBA and (R)-BTA is minimized
with the FFO function of Origin software such as:

experimental CD curve = a x CD curve of (R)-BUBA + b x CD curve of (R)-BTA

in which a and b are the fitted parameters. They are indicated in the caption for each mixture.
They provide the relative contribution of (R)-BUBA (for a) and (R)-BTA (for b) to the overall CD
signal displayed by the co-assemblies. The extent of chirality amplification in the co-assemblies is equal

to the sum of the monomers adopting a chiral conformation, i.e.:
fraction of monomers with a chiral conformation=a+b

The conformational preference within the co-assemblies is assessed as follows:
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conformational preference =b / (a + b)

For 0.5<conformational preference<1, the co-assemblies mainly adopt a BTA-like conformation
whereas for O<conformational preference <0.5 the co-assemblies mainly adopt a BUBA-like

conformation.

All the data extracted from the fits are compiled in Table S1.

Table S1 Molar fractions of the monomers adopting (R)-BUBA and (R)-BTA-like conformations in
(R)-BUBA/(rac)-BTA mixtures. .

fraction of fraction of

fraction of monomers monomers

R)-BUBA with (R)- with (R)-

( )in the BUI:SSA) BT(A) S L

mixture conformation  conformation
@ (b)

0.01 0.02 0.29 0.31 0.94
0.05 0.04 0.92 0.96 0.96
0.1 0 1 1 1
0.2 0 1 1 1
0.3 0.03 0.95 0.98 0.97
0.4 0.05 0.9 0.95 0.95
0.5 0.06 0.66 0.72 0.92
0.6 0.06 0.64 0.70 0.92
0.7 0.07 0.44 0.51 0.86
0.8 0.07 0.18 0.25 0.72
0.95 0.73 0 0.73 0
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Figure S9 BUBA/BTA co-assemblies. Speciation plot deduced from the fits in Fig. S8. The straight
lines represent the total (R)-BUBA (green) and (rac)-BTA (red) content.

Speciation: We attempt to account for the values a and b determined above, by assuming the
presence of 5 species:

(R)-BUBAP™U"™ represents the molar fraction of stacked (R)-BUBA molecules with a
conformation similar to pure (R)-BUBA stacks. Their contribution to the CD signal is supposed to be
identical to pure (R)-BUBA stacks.

(R)-BUBARBTATKe ranresents the molar fraction of stacked (R)-BUBA molecules with a
conformation similar to pure (R)-BTA stacks. Their contribution to the CD signal is supposed to be
identical to pure (R)-BTA stacks.

(R)-BUBAY*"®d rapresents the molar fraction of stacked (R)-BUBA molecules with an

irregular conformation. Their contribution to the CD signal is supposed to be negligible.
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(rac)-BTAP™" represents the molar fraction of stacked (rac)-BTA molecules with a
conformation similar to pure (rac)-BTA stacks. Their contribution to the CD signal is supposed to be
negligible.

(rac)-BTARBTAKe ranresents the molar fraction of stacked (rac)-BTA molecules with a
conformation similar to pure (R)-BTA stacks. Their contribution to the CD signal is supposed to be
identical to (R)-BTA stacks.

With these assumptions, a and b are determined by the molar fractions of the CD active species:
a = (R)-BUBAQpristine

and

b = (R)-BUBA(R)-BTA-like + (rac)-BTA(R)-BTA-like

Moreover, mass balance imposes that:

BUBA = (R)-BUBApristine + (R)-BUBA(R)-BTA-like + (R)-BUBAdisordered
and

BTA = (rac)-BTApristine + (rac)-BTA(R)-BTA-like

where BUBA and BTA are the total molar fractions of the two monomers.
These equations can be rearranged as follows:

(R)-BUBApristine = a

(R)-BUBA(R)-BTA-like = BUBA - a - (R)-BUBAdisordered
(rac)-BTApristine=1-a- b - (R)-BUBAdisordered

(rac)-BTA(R)-BTA-like =a + b - BUBA + (R)-BUBAdisordered

It is not possible to determine unambiguously (R)-BUBAdisordered since we have 5 unknown
concentrations and only 4 equations. However, if we express that all molar fractions must be positive,

we obtain the following constraints:
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(R)-BUBAdisordered < BUBA - a
(R)-BUBAdisordered<1-a-b
(R)-BUBAdisordered > BUBA -a-b

For each composition, we assign to (R)-BUBAdisordered the middle of this possible range, with

the corresponding uncertainty:
(R)-BUBAdisordered = (BUBA -a-b + min{BUBA -a; 1 -a-b})/2
The obtained molar fractions are compiled in Table S.2 and plotted on Fig. S9.

Interpretation: When (R)-BUBA is the minor component of the mixture (i.e. 0.01 < BUBA <
0.5) we find that (R)-BUBA®r®red (R)-BUBAP™'™ and (rac)-BTAP"™'" all have negligible values.
There are only two main species: (R)-BUBA® BT ang (rac)-BTARBTANK 1n other words, the co-
assembly of the two monomers leads to full chirality amplification where (R)-BUBA (the sergeant)
imposes its helical preference, but (rac)-BTA (the soldier, which is present in excess) imposes its

conformation.

When (R)-BUBA is the major component of the mixture (i.e. 0.5 < BUBA < 1) the situation is
more complex. In particular, it is not possible to obtain consistent values without a significant
proportion of (R)-BUBAY"d This js probably due to the fact that the proportion of soldier ((rac)-
BTA) is insufficient to impose its conformation. Moreover, the sergeant ((R)-BUBA) is not able to
impose its conformation either, because even with BUBA = 0.95, the CD signal shows that not all
sergeants contribute to the BUBA signature (a = 0.73). Therefore the presence of (rac)-BTA in stacks
rich in (R)-BUBA create defects that reduce the CD activity of the sergeant in the stacks.
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Table S2 Molar fractions of the different species in (R)-BUBA/(rac)-BTA mixtures.

fraction  (R)-BUBA (R)-BUBA  (rac)-BTA

of (R)- monomers (R)'BUBA. monomers monomers (rac)-BTA
g monomers with - . monomers with
BUBA with (R)- (R)-BTA with with (rac)- (R)-BTA
in the BUBA . disordered BTA ]
) . conformation . . conformation
mixture conformation conformation  conformation
ABD (R)- (R)-BUBAR! (R)- (rac)- (rac)-BTA®”
. BUBAprlstlne BTA-like BU BA 1sordered BTAprlstme BTA-like
0 0 0 0 1 0
0.01 0.02 -0.01 0 0.69 0.3
0.05 0.04 0.005 0.005 0.035 0.915
0.1 0 0.1 0 0 0.9
0.2 0 0.2 0 0 0.8
0.3 0.03 0.26 0.01 0.01 0.69
0.4 0.05 0.325 0.025 0.025 0.575
0.5 0.06 0.3 0.14 0.14 0.36
0.6 0.06 0.39 0.15 0.15 0.25
0.7 0.07 0.29 0.34 0.15 0.15
0.8 0.07 0.09 0.64 0.11 0.09
0.95 0.73 0 0.22 0.05 0
1 1 0 0 0 0

Experimental Section

Materials: N,N’,N”’-tris(2-ethylhexyl)benzene-1,3,5-tricarboxamide ((rac)-BTA),>* 1-(4-Tolyl)-
3-(2-EthylHexyl)-Urea (4TEHU),> N-(2-EthylHexyl)BenzenecarboxAmide (EHBA),®* and 5-
methoxycarbonyl-benzene-1,3-dicarboxylic acid® were prepared by following or adapting published
procedures. N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC-HCI) was purchased
from Fluorochem. 4-(Dimethylamino)pyridine (DMAP), N,N-diisopropylethylamine (DIEA), dimethyl
5-aminoisophthalate, (S)-2-octylamine, (R)-2-octylamine, 2-ethylhexylamine, LiOH and triphosgene
were purchased from Sigma-Aldrich. All the chemicals were used as received. C;Dg was bought from
Eurisotop and used without further purification. Decahydronaphthalene (DHN), mixture of cis and trans
isomers (purity>99%), was bought from Sigma-Aldrich and used without further purification. Dried

toluene and dichloromethane (DCM) were obtained from a Solvent Purification System (SPS).

Methods: NMR spectra were recorded on a Bruker Avance 400 spectrometer and calibrated to
the residual solvent peak: dmso-ds (*H: 2.50 ppm; **C: 39.52 ppm). Peaks are reported with their
corresponding multiplicity (s: singlet; br s: broad singlet, d: doublet, t: triplet; sept.: septuplet, m:

multiplet) coupling constants and integration.

Exact mass measurements (HRMS) were obtained on TQ R30-10 HRMS spectrometer by ESI*

ionization and are reported in m/z for the major signal.
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Fourier-Transform Infrared (FT-IR) measurements were performed on a Nicolet iS10
spectrometer. Spectra for toluene or DHN solutions were measured in 0.02 cm pathlength CaF; cells at
293 K and were corrected for air, solvent and cell absorption. Spectra for solids were recorded by
reflection on a Ge probe (ATR-FTIR) and the main peaks were reported (m: medium, s: strong, w:

wide).

Circular dichroism (CD) measurements were performed on a Jasco J-1500 spectrometer
equipped with a Peltier thermostated cell holder and Xe laser. Data were recorded with the following
parameters: 50 nm.min * sweep rate, 0.05 nm data pitch, 2.0 nm bandwidth, and between 350 and 200
nm. A 1 mm quartz cell was used. DHN and cell contributions at the same temperature were subtracted
from the obtained signals. For all samples, LD contribution was negligible (ALD < 0.005 dOD) and the
shape of the CD signal was independent of the orientation of the quartz cell. Molar CD values are
reported in L.mol™*.cm™ and are expressed as follows: A¢=0/(32980xIxc) where 6 is the measured
ellipticity (mdeg), | is the optical pathlength in cm, and c is the concentration in mol.L™. For VT-CD
experiments, the temperature was controlled with a Peltier thermostated cell holder, one spectrum was
recorded every 10 K between 293 K and 373 K and the heating and cooling rates were set to 1K.min™.
The ellipticity was also recorded at 225 nm (for BTA monomers) and 250 nm (for BUBA monomers)

and the heating and cooling rates were set to 1K.min™.

UV-Vis absorption spectra were extracted from CD analyses on each of the above samples and

obtained after correction of the absorption of air, solvent, and cell contribution at the same temperature.

Small-angle neutron scattering (SANS) measurements were made at the LLB (Saclay, France)
on the PA20 instrument, at three distance-wavelength combinations to cover the 2.4x10° to 0.46 A g™
range, where the scattering vector q is defined as usual, assuming elastic scattering, as q=(4n/1)sin(6/2),
where 6 is the angle between incident and scattered beam. Data were corrected for the empty cell signal
and the solute and solvent incoherent background. A light water standard was used to normalize the
scattered intensities to cm™ units. The data was fitted with the DANSE software SasView. The number
n of molecule in the cross-section can be derived from n_ (the number of molecule per unit length) by
assuming an average intermolecular distance of 3.62 A, which is the usual spacing between aromatic

rings in BTA helical assemblies.

Preparation of the solutions of BUBA and BTA homopolymers: Desired amounts of monomer
and solvent were introduced in a vial sealed with a PTFE-coated cap to avoid contamination from
leaching plasticizer, and briefly heated up to solvent boiling point to ensure dissolution. After cooling

down to room temperature, the solutions were quickly analyzed. Preparation of S&S, MR and
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BUBA/BTA mixtures: Stock solutions of the pure monomers were mixed in the desired amount, briefly

heated up to solvent boiling point, cooled down to room temperature and quickly analyzed.

Synthesis of BUBA precursors. Synthesis of 3,5-dimethyl-1-(2-ethylhexyl urea) benzoate, (1):
In an oven-dried Schlenk flask, a solution of dimethyl 5-aminoisophthalate (1.0 g, 4.78 mmol, 1.0
equiv.) and DIEA (678 mg, 5.26 mmol 1.1 equiv.) in DCM (40 mL) was added with a syringe pump (10
mL/h) to a solution of triphosgene (0.47 g, 1.57 mmol, 0.33 equiv.) in DCM (10 mL). The solution was
stirred 5 additional minutes and 2-ethylhexylamine (678 mg, 5.26 mmol 1.1 equiv.) and DIEA (678 mg,
5.26 mmol, 1.1 equiv.) were added to the solution. The reaction mixture was stirred overnight. The
volatiles were evaporated under vacuum and the crude product was taken up in AcOEt and washed
successively with an aqueous solution of HCI (2 M), an aqueous solution of NaOH (1 M) and brine. The
organic phase was dried over MgSO, and evaporated under vacuum to yield 1 as a colourless solid
which was used for the next step without further purification (1.31 g, 75% vield). *H NMR (dmso-de): &
(ppm) = 8.94 (s, 1H), 8.25 (m, 2H), 8.00 (m, 1H), 6.17 (t, 1H, %J=5.8 Hz), 3.87 (s, 6H), 3.05 (m, 2H),
1.55-1.05 (m, 9H), 0.96-0.77 (m, 6H). *C{*H} NMR (dmso-ds): & (ppm) = 165.5, 155.0, 141.6, 130.5,
121.9, 121.8, 52.4, 30.4, 28.4, 23.6, 22.5, 13.9, 10.7. FT-IR (ATR, cm™): 643 (m), 756 (m), 990 (w),
1122 (m), 1244 (s), 1348 (m), 1442 (m), 1555 (s), 1640 (s), 1724 (s), 2937 (w), 3303 (w). HRMS (ESI,
m/z): Calculated for C19H2sN20sNa, [M+ Na]*: 387.1890, found: 387.1890.

Synthesis of {1-(2-ethylhexyl urea)}-3,5-benzoic diacid, (2): Compound 1 (1.0 g, 2.58 mmol,
1.0 equiv.) was dissolved in methanol (100 mL). LiOH (197 mg, 8.26 mmol, 3.2 equiv.) and H,0 (1.0
g) were added and the mixture was heated to 55 °C overnight. Then, 100 mL of water and 100 mL of an
aqueous solution of HCI (1 M) were added successively. A white powder precipitated which was
isolated by filtration, washed with H,O, and dried over P,Os under vacuum to give 2 as a colourless
solid (0.88 g, 95% yield). *H NMR (dmso-ds): & (ppm) =13.09 (s, 2H), 8.83 (s, 1H), 8.20 (m, 2H), 8.00
(m, 1H), 6.17 (t, 1H, *J=5.8 Hz), 3.05 (m, 2H), 1.55-1.05 (m, 9H), 0.96-0.77 (m, 6H). *C{*H} NMR
(dmso-ds): & (ppm) = 166.7, 155.1, 141.3, 131.6, 122.4, 122.0, 41.7, 30,5, 28.5, 23.7, 22.6, 14.0, 10.8.
FT-IR (ATR, cm™): 638 (m),758 (m), 990 (m), 1122 (m), 1231 (s), 1348 (m), 1437 (m), 1555 (s), 1640
(s) , 1730 (s), 2927 (w), 3296 (w). HRMS (ESI, m/z): Calculated for C;;H24N.OsNa, [M+
Na]*:359.1577, found :359.1576.

General procedure for the synthesis of BUBA monomers: Compound 2 (1.0 equiv.) was
dissolved in THF, and DMAP (3.4 equiv.), the desired amine (3.0 equiv.), and EDC-HCI (3.4 equiv.)
were added successively. The solution was refluxed for 2 days. Then, THF was removed, the crude
solid was dissolved in CH,Cl, and the solution was washed with an aqueous solution of HCI (1 M), an

aqueous solution of NaHCO3 (1 M) and with brine successively. The organic phase was dried over
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MgSQ, filtered, and purified by flash column chromatography (SiO,, CH,Cl,/AcOEt). The obtained
solids were recrystallized from MeCN vyielding pure BUBA monomers as colourless solids.

(S)-BUBA (with (S)-2-octylamine, crystalline solid, 1.0 g, 70% yield): *H NMR (dmso-ds): &
(ppm) =8.62 (s, 1H), 8.15 (d, 3J=8.2 Hz, 2H), 7.87 (br s, 2H), 7.69 (br s, 1H), 6.13 (t, 2J=5.5 Hz, 1H),
3.98 (sept., 2J=6.5 Hz, 2H), 3.14-2.97 (m, 2H), 1.67-1.18 (m, 29H), 1.12 (d, %J = 6.5 Hz, 6H), 1.02-0.83
(m, 12H). B*C{*H} NMR (dmso-ds): & (ppm) = 165.7, 155.1, 140.4, 135.9, 118.7, 118.4, 44.9, 41.6,
35.9, 31.2, 30.4, 28.6, 28.4, 25.8, 23.7, 22.5, 22.0, 20.7, 13.9, 10.8. FT-IR (ATR, cm™): 699 (m), 1225
(m), 1263 (m), 1451 (m),1545 (s), 1620 (m), 2927 (m), 3271 (m), 3345 (s). HRMS (ESI, m/z):
Calculated for C33HsgN4OsNa, [M+ Na]™: 581.4401, found: 581.4403.

(R)-BUBA (with (R)-2-octylamine, crystalline solid, 1.5 g, 78% yield): Spectroscopic data are
identical to (S)-BUBA. HRMS (ESI, m/z): Calculated for C33HsgN4O3Na, [M+ Na]*: 581.4401, found:
581.4400.

(rac)-BUBA (with 2-ethylhexylamine, amorphous solid, 2.0 g, 71% vyield): *H NMR (dmso-de):
& (ppm) =8.61 (s, 1H), 8.33 (t, 2J=5.3 Hz, 2H), 7.90 (br s, 2H), 7.72 (br s, 1H), 6.15 (t, *J=5.4 Hz, 1H),
3.18 (t, %J=5.9 Hz, 4H), 3.11-2.98 (m, 2H), 1.62-1.47 (m, 2H), 1.45-1.14 (m, 25H), 0.95-0.79 (m, 18H).
BC{*H} NMR (dmso-dg): & (ppm) = 165.9, 155.1, 140.5, 135.8, 118.4, 118.3, 42.4, 41.6, 30.5, 30.4,
28.4,28.3,23.7, 22,5, 13.9, 10.5. FT-IR (ATR, cm™): 689 (m), 1228 (m), 1271 (m), 1452 (m), 1535 (s),
1638 (m), 2924 (m), 3302 (m). HRMS (ESI, m/z): Calculated for C33HsgN4O3Na, [M+ Na]*: 581.4401,
found: 581.4402.

Synthesis of BTA precursors.

H
HO o —>/(/\)§/N o
5
o OH o] HN
|;R=Me,3 (\Bi

5
R=H,4

Synthesis of methyl 3,5-bis-(1S)-(1-methyl-heptylcarbonyl)-1-methyl-benzoate (3S): 5-
methoxycarbonyl-benzene-1,3-dicarboxylic acid® (2.48 g, 11.0 mmol, 1.0 equiv.) was dissolved in THF
(100 mL), then DMAP (4.60 g, 37.6 mmol, 3.4 equiv.), (S)-2-octylamine (4.29 g, 33.2 mmol, 3 equiv.)
and EDC-HCI (7.21 g, 37.6 mmol, 3.4 equiv.) were added successively. The solution was reflux for 2
days. Then, THF was evaporated, the crude solid was dissolved in CH,Cl,, washed with an aqueous

solution of HCI (1M), an aqueous solution of NaHCO3 (10%) and with brine successively. The organic
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phase was dried over MgSO,, filtered and purified by flash column chromatography (SiO,
CH,Cl,/AcOEt=92/8) yielding 3S as a colourless solid. (1.9 g, 51% yield). *H NMR (dmso-dg): & (ppm)
=8.70-8.22 (m, 5H), 4.14-3.96 (m, 2H), 3.92 (s, 3H), 1.70-103 (m, 26H), 0.95-0.67 (m, 6H). *C{*H}
NMR (dmso-dg): & (ppm) =166.5, 164.2, 135.6, 130.8, 129.9, 129.7, 52.4, 45.0, 31.2, 28.5, 25.8, 22.0,
20.6, 13.8. FT-IR (ATR, cm™): 708 (s), 1265 (s), 1632 (), 1731 (s), 2855 (w), 2925 (m), 3242 (m).
HRMS (ESI, m/z): Calculated for CogH42N204Na, [M+ Na]*:469.3037, found : 469.3036.

Compound 3R (1.4 g, 37% vyield) was obtained following the same procedure with (R)-2-

octylamine and spectroscopic data are identical to 3S.

Synthesis of 3,5-bis-(1S)-(1-methyl-heptylcarbonyl)-1-benzoic acid (4S): compound 3S (1.9 g,
5.6 mmol, 1 equiv.) was dissolved in methanol (150 mL). LiOH (216 mg, 9 mmol, 1.6 equiv.) and H,O
(3 mL) were added and the mixture was heated to 55°C overnight. Then, 500 mL of water was added
and the solution was acidified until pH~=1. A white powder precipitated which was isolated by filtration,
washed with H,O and dried over P,Os under vacuum yielding 4S as a colourless solid (1.6 g, 90%
yield). *H NMR (dmso-dg): & (ppm) =8.89-7.86 (m, 5H), 4.32-3.85 (m, 2H), 1.70-1.03 (m, 26H), 0.95-
0.67 (m, 6H). *C{*H} NMR (dmso-ds): & (ppm) =166.5, 164.2, 135.7, 130.8, 129.9, 129.7, 45.0, 39.5,
35.8, 31.2, 28.5, 25.8, 22.0, 20.6, 13.8. FT-IR (ATR, cm™): 669 (s), 689 (s), 989 (s), 1021 (s), 1256 (s),
1443 (w), 1538 (s), 1640 (s), 1703 (w), 2853 (w), 2926 (m), 2960 (w), 3283 (m). HRMS (ESI, m/z):
Calculated for C5H40N204Na, [M+ Na]*: 455.2880, found: 455.2879.

Compound 4R (1.5 g, 84% yield) was obtained following the same procedure with 3R and

spectroscopic data are identical to 4S.

General procedure for the synthesis of BTA monomers: Compound 4 (1.0 equiv.) was
dissolved in THF and DMAP (1.7 equiv.), 2-ethylhexylamine (1.5 equiv.), and EDCHCI (1.7 equiv.)
were added successively. The solution was refluxed for 2 days. Then, THF was removed, the crude
solid was dissolved in CH,CI, and the solution was washed with water. The organic phase was dried
over MgSQ,, filtered and purified by flash column chromatography (SiO,, CH,CIl,/AcOEt). The
obtained solids were recrystallized from MeCN yielding pure BTA monomers as colourless amorphous

solids.

(S)-BTA (with 4S, 1.0 g, 57% vyield): *H NMR (dmso-dg): & (ppm) =8.58 (t, J=5.5 Hz, 1H),
8.40 (d, 3J=8.3 Hz, 2H), 8.33 (s, 3H), 4.02 (sept., *J=7.0 Hz, 2H), 3.21 (t, ®J = 6.3 Hz, 2H), 1.65-1.41
(m, 4H), 1.39-1.20 (m, 25H), 1.15 (d, 3J =6.6 Hz, 6H), 0.95-0.78 (m, 12H). *C{"H} NMR (dmso-ds): &
(ppm) =165.7, 165.0, 135.3, 135.1, 128.4, 128.3, 45.1, 42.5, 35.9, 31.2, 30.4, 28.6, 28.3, 25.8, 23.7,
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22.5,22.0, 20.7, 13.9, 13.8, 10.6. FT-IR (ATR, cm™): 667 (s), 691 (s), 987 (s), 1024 (s), 1254 (s), 1537
(s), 1639 (s), 1706 (m), 2854 (w), 2932 (m), 3287 (m). HRMS (ESI, m/z): Calculated for

C33Hs57N303Na, [M+ Na]+: 566.4292, found : 566.4291.

(R)-BTA: (with 4R, 1.5 g, 50% yield): HRMS (ESI, m/z): Calculated C33Hs;N30sNa, [M+ Na]":

566.4292, found: 566.4292.

(R)-BUBA
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General conclusion

The objectives of this thesis were to develop the switchable ability and increase the
extent of amplification of chirality in helical benzene-1,3,5-tricarboxamide (BTA) co-
assemblies composed of a BTA ligand and enantiopure BTA co-monomers. In the major part
of this manuscript BTA™™" and BTA Cha served as the BTA ligand and enantiopure BTA
co-monomer, respectively. Coordination of the ligand to copper and activation with
phenylsilane generate helical catalysts which provide 1-(4-nitrophenyl)ethanol (NPnol) from
1-(4-nitrophenyl)ethanone. The optimal selectivity and the configuration of NPnol are related
to the optical purity of the helical main chain and the handedness of the helical co-assemblies,
respectively. Prior to this work, no example of organometallic catalyst was reported for which
the enantioselectivity can be switched during the course of the reaction in a truly reversible
manner thus allowing both enantiomers to be obtained with similar selectivity from the same
catalyst. Also, despite several examples of supramolecular systems displaying high levels of
amplification of chirality through the S&S (with < 1% of sergeant) and (diluted) MR effects
(with < 10% e.e. scalemic mixture), no implementation of such systems in asymmetric

catalysis has been reported. (Figure 1)
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Figure 1 Schematic representation of the main results achieved in each chapter
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In chapter 2, the diluted MR effect was exploited to switch the handedness of the co-
assemblies, and thus the selectivity of the catalytic reaction in real time. In this system, 33%
e.e. scalemic mixtures form homochiral assemblies which in turn provide NPnol with 88% of
the optimal selectivity at room temperature. By combining CD spectroscopy and catalytic
experiments, we demonstrated that the chirality amplification effect observed in the catalytic
experiments stems from the chirally-amplified nature of the helical scaffold of the catalyst.
Thanks to the diluted MR effect, the enantiomeric state of the supramolecular copper catalyst
can be switched in situ in ca. five seconds by changing the nature of the major enantiopure
comonomer in the co-assemblies. As a result of the complete and fast stereochemical switch
of this helical catalyst, any combination of the enantiomers was obtained during the
conversion of a 1:1 mixture of 1-(4-nitrophenyl)ethanone and 1-(4-biphenylyl)-ethanone.

In chapter 3, we showed that the length of BTA assemblies could be modulated in a
reversible manner by firstly adding TPPCI (tetraphenylphosphonium chloride) and then
removing it by means of a salt metathesis reaction with NaNTf, (Tf=triflimide)leading to the
precipitation of NaCl. The nature of the co-assemblies formed between BTAP"™ and BTA
(R)-Cha in toluene and their reversible assembly in the absence or presence of TPPCI and
NaNTf, have been precisely characterized by means of Fourier-Transform Infrared (FT-IR),
Nuclear Magnetic Resonance (NMR), Small Angle Neutron Scattering (SANS) and Circular
Dichroism (CD) analyses. It is interesting to note that TPPCI allows programmable
modulation of the degree of enantioinduction (signal output) in between fully racemic and
optimal enantiomeric preference (53% e.e.) by simply changing the concentration of TPPCI
(signal input). Moreover, the reversible assembly of the supramolecular helices allows to
switch reversibly the enantiomeric state of the supported ccopper centres between
enantioselective (52% e.e.) and non selective (6% e.e.). A slowdown of of the reaction rate is
observed for the catalytic system in presence of TPPCI, however, the decreased rate for the
non-selective state of the supramolecular catalyst is not detrimental since good conversions
can be achieved by increasing the amount of silane and the reaction time. Also, the decreased
selectivity observed after reassembly is due to the presence of the co-added solvents (DCM,
acetone), that are required to dissolve the salts, not to an incomplete metathesis reaction.
Finally, a good correlation has been established between the average length of the assemblies,
the chiral environment of the ligand and the selectivity of the reaction. For the present

catalytic system, the critical length of the supramolecular helices required to locate most of
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the copper centres in a chiral environment suitable for asymmetric induction is thus in the

range of a ten monomers.

In chapter 4, we have demonstrated a huge enhancement of the extent of amplification
of chirality in helical co-assemblies composed of BTA”P">.Cu and BTA Cha upon
incorporation of an achiral BTA additive (BTA cyclohex). The S&S and diluted MR effects
are increased by two orders and one order of magnitude, respectively, in the prensece of BTA
cyclohex. More precisely, only 0.25% of enantiopure BTA Cha is sufficient to generate
homochiral co-assemblies (as probed by CD analyses), which in turn provides NPnol with
88% of the optimal selectivity (50% e.e.) when applied in the asymmetric hydrosilylation of
1-(4-nitrophenyl)ethanone at room temperature. Using a mixture of enantiopure BTA Cha
monomers which is only slightly biased from the racemic mixture (10% e.e.) also provides
homochiral assemblies and a selective catalyst (44% e.e.). Such an enhancement in the
amplification of chirality is only achieved by mixing the three components, i.e. the two achiral
monomers and the enantiopure comonomer, highlighting a synergistic effect upon co-
assembly of the three BTA partners. Investigation of the role of the achiral additive by means
of several spectroscopic techniques (CD, UV-Vis, FT-IR, SANS) supports its ability to induce
a conformational change in the helical co-assemblies leading to no or fewer helix reversals i.e.

configurational defects.

In chapter 5, we showed that N-substituted benzene-1-urea-3,5-biscarboxamide
(BUBA) monomers, comprising one urea function and two carbon-centred amide functions
connected to the same aromatic ring, form long, reversible and highly chirally-amplified
helical assemblies in apolar solvents. This class of monomers provides an easy access to non
Cs-symmetric supramolecular helices which might be useful for the design of hierarchical
assemblies, for the compartmentalization or self-assembly of polymer chains and for
application-driven studies in asymmetric catalysis. Single-handed helices are obtained by self-
assembly of BUBA monomers possessing chiral sides chains and more importantly by
incorporating a small amount of chiral BUBA monomers in a racemic mixture of left- and
right-handed benzene-1,3,5-tricarboxamide (BTA) stacks. Compared to BTA helices, the
stability of BUBA assemblies is slightly lower despite the presence of an additional hydrogen
bond interaction provided by the urea groups (as reflected by the higher elongation enthalpy).

Conversely, BUBA self-assembly proceeds with a higher level of cooperativity. Moreover,

226



chirality amplification operates to a higher extent in BUBA helices as probed by both

sergeants-and-soldiers and majority-rules experiments.

In the future, one possible outlook is to implement switchable ability of BTA-based
supramolecular polymer helices in consecutive reactions or polymerization reactions. It has
been reported that the stereochemistry of polyolefins strongly influences their mechanical
properties. So it appears quite interesting to test whether these switchable helices can be
implemented for the preparation of atactic isotactic multi stereoblock copolymers, such as
polylactide. Another possibility is the optimization of the chemical structures of the BTA
ligand, the comonomer and the achiral BTA additive in order to improve the
enantioselectivity at room temperature. Supporting a high performing BTA ligand with an
efficient stimulus-responsive and highly chirally-amplified BTA platform might provide high
enantioselectivities under mild conditions. In addition, whilst only organometallic helical
catalysts have been reported to date, it would be interesting to develop metal-free helical
organocatalyst. For example, certain functional groups (such as the urea moiety) could be
induced on the side chains to provide enantioselectivity for the helical stacks. Finally as we
have demonstrated that short helices are sufficient to offer high selectivity, it seems
enviageable to utilize the free NH groups for hydrogen-bond catalysis, since these groups are
more acidic when incorporated in the BTA hydrogen-bonded network than in the monomers.
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Résumé

L'induction de la chiralité, I'amplification de la chiralité et la réversibilité sont des
caractéristiques clés des hélices dynamiques, et la mise en ceuvre de ces propriétés dans le
domaine de la catalyse asymétrique suscite un grand intérét. Une énantiosélectivité élevée a
notamment été obtenue pour les catalyseurs situés a la périphérie du squelette hélicoidal de
polyméres covalents de type-PQX (poly(quinoxaline-2,3-diyl) et de polyméres
supramoléculaires de type BTA (benzene-1,3,5-trisamide). L'ampleur de I'énantioinduction et
la configuration du produit de la réaction catalytique sont liés a la pureté optique et au sens de
rotation, respectivement, de ces catalyseurs hélicoidaux. Ceci ouvre la voie a diverses
applications potentielles uniques pour cette catégorie de catalyseurs. Le contrdle de la
configuration d'un catalyseur unique durant la réaction est un défi, en particulier pour les
réactions catalysées par des métaux, car la présence du centre métallique peut nuire a
I'efficacité et a la dynamique du commutateur chiroptique. L'inversion de I'énantiosélectivité
d'un seul catalyseur au cours d'une réaction présente des perspectives prometteuses
d'utilisation d'un tel catalyseur pour sélectionner le diastéréoisomere désiré dans une réaction
en cascade stéréosélective ou pour controler la tacticité des copolymeres stéréoblocs. Basé sur
notre précédent concept de catalyseurs supportés sur des hélices supramoléculaires de type
BTA, le premier objectif de cette thése est de décrire une stratégie qui permet de contrdler
en temps réel I'énantiosélectivité d'une réaction catalytique. Deux stratégies ont été utilisées
pour contréler la sélectivité des hélices formées en mélangeant des ligands BTA achiraux et
des comonomeéres énantiopurs. La premiére stratégie repose sur la possibilité de commuter la
sélectivité du ligand hélicoidal BTA amplifié chirallement en changeant la nature du
comonomere énantiopur majoritaire dans les co-assemblages grace a l'effet de regles de
majorité dilué (chapitre 2, figure 1a). Pour la deuxiéme stratégie, il est attendu que la
sélectivité fournie par les co-assemblages hélicoidaux de BTA puisse étre modulée en
modifiant la longueur moyenne des hélices supramoléculaires. En conséquence, une
combinaison de sels précisément sélectionnée a été ajoutée aux mélanges catalytiques afin de
dissocier et de restaurer les co-assemblages et moduler ainsi la nature des sites catalytiques

entre des états catalytiques non sélectifs et sélectifs de fagon réversible (chapitre 3, figure 1b).

Les effets «sergents et soldats» (S&S ) et de «regle de la majorité» (RM) peuvent étre
utilisés pour contrdler la pureté optique des hélices dynamiques avec une faible quantité de

monomeres énantiopurs ou avec un mélange non optiquement pur de monomeres énantiopurs,
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respectivement. Des effets d'amplification de chiralité extrémement élevés qui permettent
d'obtenir des hélices optiquement pures avec moins de 1% de sergent ou avec un mélange
scalémique avec 10% d'e.e. existent mais sont rares. De plus, les catalyseurs hélicoidaux
reportés jusqu'a présent présentaient une selectivité > a 80 % e.e. seulement lorsque leur
teneur en sergents était supérieure a 10 % ou lorsque la pureté optique de I'énantiomere était
supérieure ou égale a 20 % e.e. L'amélioration des propriétés d'amplification de chiralité de
ces catalyseurs hélicoidaux est particulierement souhaitable pour diminuer la quantité
d'inducteur chiral dans le melange catalytique (c'est-a-dire sensiblement en dessous du
chargement catalytique) et permettre leur commutation stéréochimique avec un faible taux de
comonomeres enantiopurs. Notre deuxiéme objectif est donc d'améliorer les propriétés
d'amplification de chiralité de nos hélices BTA catalytiques. Premiérement, nos travaux ont
révelé que les effets de S&S et de RM dilués dictant I'hélicité des co-assemblages BTA
précatalytiques sont exaltés par I'ajout d'un monomeére BTA achiral. Cette amélioration des
propriétés d'amplification de la chiralité par I'ajout de cet additif achiral est également valable
pour les mélanges catalytiques de BTA, ce qui permet d'obtenir une sélectivité optimale avec
a peine 0,2% de sergents et un mélange scalémique a 10% e.e. d'énantiomeres BTAS
(Chapitre 4, Figure 1c). Enfin, nous avons étudié les propriétés d'auto-assemblage des
monomeres N-substitués de benzéne-1-urée-3,5-biscarboxamide (BUBA), analogues
symétriques en C, des monomeéres BTA dans lesquels une fonction amide a été remplacée par
une fonction urée. Nous nous sommes particulierement intéressés a étudier I'influence de la
substitution d'un seul groupe sur les propriétés d'amplification de chiralité des assemblages

résultants (Chapitre 5, Figure 1d).
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Figure 1 Représentation schématique des différents concepts développés dans les chapitres de
ce manuscrit. a) catalyseur dont la sélectivité est commutable (chapitre 2) ; b) catalyseur dont
la sélectivité est modulable (chapitre 3); c¢) catalyseur hélicoidal extrémement amplifié
chiralement (chapitre 4) ; d) relations structure-propriété des assemblages formés par une

nouvelle classe de monomeéres de symétrie C, (chapitre 5).
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Dans le chapitre 2, I'effet de RM dilué a été exploité pour commuter le sens de
rotationdes co-assemblages, et donc la sélectivité de la réaction catalytique en temps réel.
Dans ce systeme, des mélange scalémiques a 33 % d' e.e. forment des assemblages
homochiraux qui, a leur tour, fournissent le NPnol vec 88 % de la sélectivité optimale a
température ambiante. En combinant la spectroscopie CD et les expériences catalytiques, nous
avons démontré que l'effet d'amplification de chiralité observé dans les expériences
catalytiques provenait bien de la nature amplifiée chiralement de la matrice hélicoidale du
catalyseur. Grace a l'effet RM dilué, I'état énantiomérique du catalyseur supramoléculaire au
cuivre peut étre inversé in situ en cing secondes environ en modifiant la nature du
comonomere énantiopur présent en majorité dans les co-assemblages. Grace a I’inversion
stéréochimique compléte et rapide de ce catalyseur hélicoidal, toute les combinaisons
possibles des énantiomeres ont été obtenus lors de la conversion d'un mélange 1:1 de 1-(4-
nitrophényl)éthanone et de 1-(4-biphénylyl)-éthanone Au chapitre 3, nous avons montré que
la longueur des ensembles BTA pouvait étre modulée de maniere réversible en ajoutant un
anion puis en I’enlevantpar une réaction métathése du sel menant a sa co-précipitation avec un
cation. La nature des co-assemblages formés entre BTAP™™ et BTA (R)-Cha dans le toluéne
et leur assemblage réversible en présence des sels ont été précisément caractérisés au moyen
d'analyses par infrarouge a transfert de Fourier (FT-IR), résonance magnétique nucléaire
(RMN), diffusion neutronique a petit angle (SANS) et dichroise circulaire (CD).
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Figure 2 Controle en temps reel de I'énantiosélectivité d'un catalyseur supramoléculaire
métallique. Les résultats de la réaction catalytique et la structure des assemblages BTA ont été

corrélés selon diverses analyses spectroscopiques et de diffusion.
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Figure 3 Représentation schématique du concept actuel. Les hélices supramoléculaires
formées par co-assemblage entre un ligand BTA achiral (BTA”") coordonné a Cu et un
comonomere BTA énantiopure (BTA (R)-Cha), sont raccourcies et allongées de maniere
réversible par une combinaison appropriée de sels. Cette représentation schématique des co-
assemblages est étayée par des données analytiques, mais le mode de coordination du Cu et la

fraction des groupes PPh2 coordonnés dans les co-assemblages ne sont pas connus.
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Dans le chapitre 4, nous avons démontré que 1”'amplification de la chiralité dans les
co-assemblages hélicoidaux de BTAPP™.Cu et BTA Cha est grandement amélioré lors de
Iincorporation d'un additif BTA achiral. En ajoutant des monomeéres BTA cyclohex,
seulement 0,25 % de BTA Cha enantiopurs est suffisant pour générer des co-assemblages
homochiraux (tels que testés par des analyses CD), ce qui donne au NPnol 88 % de la
sélectivité optimale (50 % e.e.) lorsqu'appliqué dans I'hydrosilylation asymétrique de 1-(4-
nitrophényle)éthanone a température ambiante. L'utilisation d'un mélange de monomeéres
énantiopurs de BTA Cha qui n'est que légérement biaisé par rapport au mélange racémique
(10% e.e.) fournit également des assemblages homochiraux et un catalyseur sélectif (44%
e.e.). Une telle amélioration de I'amplification de la chiralité n'est obtenue qu'en mélangeant
les trois composants, c'est-a-dire les deux monomeres achiraux et le comonomere
énantiopure, mettant en évidence un effet synergique sur le co-assemblage des trois
monomeres. L'étude du rdle de I'additif achiral au moyen de plusieurs techniques
spectroscopiques (CD, UV-Vis, FT-IR, SANS) soutient sa capacité a induire un changement
de conformation dans les coassemblages hélicoidaux n'entrainant pas ou peu d'inversions

d'hélice, c'est-a-dire des défauts de configuration. (Figure 4)
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Figure 4 Représentation schématique du concept. Les propriétés d'amplification de la chiralité
ont été considérablement améliorées par I'ajout d'additifs achiraux aux helices formées par le
ligand BTA achiral (BTA”™"2) coordonné au Cu et un comonomére BTA énantiopure (BTA-
(R)-Cha).
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Au chapitre 5, nous présentons, les monomeéres N-substitués de benzene-1-uree-3,5-
biscarboxamide (BUBA), qui consistent en une urée et deux fonctions amide liées au carbone
et liées a un cycle aromatique, une nouvelle classe de monomeres facilement accessibles de
symmeétrie C,. Dans les solvants apolaires, les monomeres BUBA s'assemblent en longs
assemblages hélicoidaux au moyen de liaisons hydrogene et d'interactions aromatiques,
évaluées par plusieurs techniques analytiques. Afin de sonder I'influence de la fonction urée,
on a comparé les assemblage a base de BUBA et les polymeres hélicoidaux de benzene-1,3,5-
tricarboxamide (BTA) en termes de thermodynamique de formation, de stabilité, de
réversibilité et d'amplification chirale. Comme le BTA, les monomeres BUBA forment de
longues hélices de maniére réversible grace a un mécanisme hautement cooperatif et I'nélicité
de leurs assemblages est régie par des effets d'amplification chirale. Cependant, une
quantification précise de leurs propriétés révele que les monomeres BUBA s'assemblent d'une
maniere plus coopérative. De plus, I'amplification de la chiralité fonctionne dans une plus
grande mesure dans les assemblages a base de monoméres BUBA, comme l'ont montré les
expériences de type sergents et les soldats et de regles de la majorité. La compatibilité entre
les fonctions urée et amide permet également la formation de co-assemblages incorporant a la
fois des monoméres BUBA et BTA. Il est important de noter qu'une petite quantité de
monomeres chiraux BUBA dans ces co-assemblages est suffisante pour obtenir des hélices
homochirale ce qui qui ouvre la voie au développement d'hélices supramoléculaires

fonctionnelles. (Figure 5)
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Figure 5 Structures moléculair//es des monomeéres. Représentation des hélices
supramoléculaires BTA (les groupes R et R1 sont supposés étre répartis aléatoirement a la
périphérie des hélices). (rac)-BUBA est racémique par synthése et se compose donc des
stéréoisomeres  (Surea,S,S),  (SureasR,S),  (SureasR,S), (SwreasR\R), (RureasS,S), (RureasR,S),
(RureasR,S), (Rurea,R,R) dans un ratio 1:2:1:1:1:2:1. (rac)-BTA est racémique par synthese et se
compose donc des stéréoisomeres (S,S,S,S), (S, S, S, R), (R,R,S), (R,R,S), (R,R,R,R) dans un
rapport 1:3:3:3:1. (S)-BUBA et (S)-BTA consistent en un melange 1:1 des stéréoisomeres
(S,S,S) et (R,S,S,S). Les propriétés d'assemblage de (S)-BTA seront comparées a celles de
son analogue structural octyl(S)-BTA.
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Pour conclure, des hélices de polymeéres supramoléculaires a base de BTA ont été
utilisees pour I'hydrosilylation de la 1-(4-nitrophényl)éthanone catalysée au cuivre. Les

hélices catalytiques sont composées de BTAPP?

(le ligand) et de comonomeres BTA chiraux.
Nous avons développé la capacite commutable et les propriétés d'amplification chirale des
catalyseurs hélicoidaux BTA. Tout d'abord, nous avons réussi a inverser réversiblement en
temps réel I'hélicité des assemblageshélicoidales catalytiques en changeant la nature du
comonomere majeur énantiopure dans les co-assemblages grace a I'effet de regle de majorité
diluée, qui permet I’inversion de 1’énantiosélectivité au cours de la réaction catalytique.
Deuxiemement, les co-assemblages peuvent étre dissociés et restaurés par l'ajout de sels
appropriés, commutant 1’état du catalyseur entre non sélectif et sélectif d'une maniéere
réversible. Troisiemement, I'effet d'amplification de la chiralité (effet SS et MR dilué) est
grandement amélioré par l'ajout d'un monomére BTA achiral. De plus, I'amélioration des
propriétés d'amplification de la chiralité par I'ajout de cet additif achiral est également valable
pour les melanges catalytiques de BTA, ce qui permet d'obtenir une sélectivité optimale avec
a peine 0,25% de sergents et avec un mélange scalémique a 10% e.e. d'énantioméres BTAs.
Enfin, nous avons étudié les propriétés d'auto-assemblage des monomeéres N-substitués de
benzéne-1-urée-3,5-biscarboxamide (BUBA), analogues de symétrie C, des monomeéres BTA
dans lesquels une fonction amide a été remplacée par une fonction urée. Les propriétés
d'amplification de chiralité des assemblages résultants ont été améliorées grace a la

substitution d'un seul groupe.
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Title: Switchable and chirally-amplified helices formed by hydrogen-bonded supramolecular polymers for
asymmetric catalysis

Abstract: Benzene 1,3,5-tricarboxamide (BTA) supramolecular helical polymerswere utilized as a dynamic and
chirally-amplified scaffold for copper catalysts implemented in the asymmetric hydrosilylation of 1-(4-
nitrophenyl)ethanone. The catalytic helices are composed of a phosphine-functionalized BTA ligand and of
enantiopure BTA comonomers. We have developed the switchable ability and improved the chirality
amplification properties of this new class of BTA helical catalysts. Firstly, we successfully switched the
handedness of the helices in real time by changing the nature of the major enantiopure comonomer in the co-
assemblies. Then it allows controlling the configuration of the stereogenic centres formed during the consecutive
transformation of a single substrate or a mixture of subtrates. Secondly, the helical co-assemblies are disrupted
and restored by adding suitable salts, which switch the catalytic outcome between non-selective and selective
states in a reversible manner. Thirdly, the extent of amplification of chirality in the helical co-assemblies as
probed by the sergeants-and-soldiers effect and majority-rule effect are hugely exalted upon incorporation of an
achiral BTA additive. Moreover the improvement of the chirality amplification properties by addition of this
achiral additive also holds for catalytic BTA mixtures which thus allow 80% of the optimal selectivity to be
obtained with as low as 0.25% of enantiopure BTA and a 10% e.e. scalemic mixture of BTA enantiomers.
Finally, we investigate the self-assembly properties of N-substituted benzene-1-urea-3,5-biscarboxamide (BUBA)
monomers, C,-symmetric analogues of BTA monomers in which one amide function has been replaced by an
urea function. The chirality amplification properties and extent of cooperativity are slightly higher for BUBA
monomers, respectively to BTA monomers. In total, we developed the switchable ability and increase the extent
of amplification of chirality of BTA-based helices. It will be interesting to implement the thereof chirally-
amplified scaffold in stereoselective cascade reactions or polymerization reactions.

Keywords : supramolecular polymers, hydrogen-bonding interactions, benzene-1,3,5-tricarboxamide (BTA),
switchable catalyst, chirality amplification, asymmetric catalysis

Titre : Nouvelle classe de catalyseurs asymétriques commutables basés sur des polyméres supramoléculaires
dynamiques et amplifiés chirallement.

Résumé: Des polymeéres supramoléculaires hélicoidaux & base de monomeres de type benzéne-1,3,5-trisamide
(BTA) ont été étudiés comme supports dynamiques et amplifiés chirallement de catalyseurs de cuivre utilisés
dans la réaction d’hydrosilylation asymétrique de la 4-nitro-acétophénone. Les hélices catalytiques sont
composées d’un monomére BTA fonctionnalisé avec un groupement PPh, servant de ligand et de co-monomeres
BTA énantiopurs. Nous avons développé le caractére commutable et les propriétés d’amplification de chiralité
de cette nouvelle classe de catalyseurs hélicoidaux. Tout d’abord, le sens de rotation des hélices a €té inversée en
temps réel en changeant la nature de 1’énantiomeére BTA majoritaire dans le co-assemblage. Cela a permis de
contréler la configuration du carbone asymétrique formé durant la transformation séquentielle de plusieurs
équivalents d’un méme substrat ou d’un mélange de deux substrats. Deuxiémement, les assemblages hélicoidaux
ont été dissociés et restaurés par 1’ajout d’une combinaison de sels soigneusement sélectionnés ce qui permet de
moduler la nature des sites catalytiques entre des états non sélectifs et sélectifs de fagon réversible.
Troisiémement, la magnitude de I’amplification de chiralité gouvernant la pureté optique des co-assemblages
hélicoidaux est grandement améliorée par I’incorporation d’un monomére BTA achiral et ce phénoméne est
aussi observé pour les hélices catalytiques. Cela permet d’obtenir le produit de la réaction catalytique avec une
sélectivité égale a 80% la sélectivité optimale avec des co-assemblages contenant seulement 0.25% de BTA
énantiopurs ou contenant un mélange scalémique d’énantioméres BTA (10% e.e.). Enfin, nous avons étudié les
propriétés d'auto-assemblage des monoméres N-substitués de benzene-1-urée-3,5-biscarboxamide (BUBA),
analogues C2-symétriques des monomeéres BTAs dans lesquels une fonction amide a été remplacée par une
fonction urée. Les propriétés d’amplification de chiralité gouvernant la formation des assemblages hélicoidaux
des monomeres BUBAs sont Iégérement supérieures a celles gouvernant la formation des assemblages a base de
monomeéres BTAs. Au total, nous avons développé le caractere commutable et augmenté l'ampleur de
I'amplification de la chiralité des hélices a base de monoméres BTAs. Il sera intéressant de mettre en oeuvre ces
assemblages hélicoidaux dans des réactions cascades stéréosélectives ou des réactions de polymérisation.

Mots-clefs: polyméres supramoléculaires, liaisons hydrogéne, benzene-1,3,5-trisamide (BTA), catalyseur
commutable, amplification de chiralité, catalyse asymétrique



