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General introduction

Over the past few decades, chemists have paid a particular attention to the rich
supramolecular chemistry of foldamers. The latter constitute a new family of oligomers that
adopt well —defined compact architectures stabilized by non —covalent interactions. The
development of these edifices is mainly inspired by the complexity and the amazing variety of
functions accomplished by biomacromolecules included proteins and DNA. These structures
have already found numerous applications related to catalysis, molecular recognition and
responsive materials. Indeed, the imagination of chemists for the construction of foldamers,
leads to a wide diversity of building blocks, encompassing not just natural ones but also

synthetic monomers.

Some of these structures fold into helical form and hybridize to form double and
multiple helices with unique physicochemical properties. Understanding the parameters that
govern the equilibrium between single and hybridized species has emerged as a new challenge
in this field, and constitutes a subject for further investigations. Thus, achieving reversible
control over the hybridization equilibrium between single and double helices have not yet been

deeply explored.

In this context, this PhD work focuses on the analysis of helical oligopyridine
dicarboxamide foldamers endowed with electroactive chromophores that display redox and
donor —acceptor properties. These architectures were designed to allow for controlling the
hybridization phenomenon in a reversible manner in both cases: to create homoduplexes
through redox stimulations in the first case, and heteroduplexes through donor —acceptor

interactions in the second one. On this ground, the thesis manuscript is structured as follows:

The first chapter serves as a general introduction to foldamers. It will explain their
origins, and the different types of structures that lead to the formation of a wide diversity of
natural and non —natural foldamers. A particular attention will be devoted to the chemistry of
helical oligopyridine dicarboxamide foldamers and their behaviour in solution and in the solid
state. Furthermore, the hybridization process and the parameters that govern the equilibrium
will be investigated. The last part will focus on the efforts conducted by the researchers to
elaborate foldamers that respond to redox stimulations and heteroduplexes by donor —acceptor

interactions.

The second chapter focuses on the efforts made in the synthesis of oligopyridine

dicarboxamide foldamer functionalized with a redox unit, tetrathiafulvalene (TTF). Analyses
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were performed in both the neutral and oxidized states in solution to enable the reversible
control of the hybridization equilibrium, and explore the parameters influencing it. In particular,
this study investigates the impact of the radical cation dimerization on the hybridization process.

Note that a particular attention is dedicated to the organization of the helices in the solid state.

Redox-controlled formation

of homoduplexes
— Y

The third chapter details the design of a series of foldamers endowed with donor and
acceptor chromophores. The aim of this chapter is to elaborate heteroduplexes in a selective
manner by taking advantage from donor —acceptor properties. The choice of the chromophores
as well as their behavior in solution will be detailed. Furthermore, the impact of the donor —
acceptor interactions on the hybridization properties is described, and particularly their

supramolecular arrangement in solution.

Selective formation of heteroduplexes
and their redox-controlled formation
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Chapter 1. Helical foldamers: Structures, Supramolecular chemistry and Applications

I. Origin and definition
A. From biomacromolecules to foldamers

One of the most impressive challenge for Mankind consists in understanding Nature,
particularly when it comes to explore the essentials of life, starting from molecules at the
cellular level, to an entire human being at a macroscopic point of view. In the human body,
small building blocks assemble to give rise to complex systems, such as nucleic acids, proteins
and polysaccharides. These crucial biomacromolecules, which play an important role in living
systems, are characterized by four distinct structural levels: secondary, tertiary, and for some,
quaternary structures that emerge from simple linear sequences (Figure I-1). The latter consist
of repeating covalently linked monomers (nucleotides, a—amino acids and carbohydrates)
leading up to primary structures. The overall inter— or intramolecular interactions induce the
folding of the linear sequence and result in the adoption of the so—called secondary structures.
Typical secondary structures of proteins include o—helices, p—sheets and turns,* while nucleic
acids adopt double helical arrangements for instance, as in the case of DNA.2® When these
secondary structures interact through weak intramolecular forces, tertiary structures are formed.

Alternatively, such interactions occurring in an intermolecular manner lead to the formation of

quaternary structures.
Primary Secondary Tertiary Quaternary
structure structure structure structure

it I WA

Figure I-1. Primary, secondary, tertiary and quaternary structure levels in linear polysaccharides.*

These sophisticated biopolymers govern fundamental biological processes. Indeed, in
the absence of these structures, transmission and translation of genetic information, enzyme
catalysis, storage, molecular recognition and numerous other functions could not be achieved.
This is why understanding the relationship between biomacromolecular structures and their

functions remains a challenge that needs to be tackled.
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In particular, helical biomacromolecules are ubiquitous and have a prominent role in
biological processes. This explains why chemists have shown a tremendous interest in
designing and developing diverse arrays of helical polymers. The history of these polymers
dates back to 1955 when Natta et al. discovered the single helical structure of an isotactic
polypropylene (Scheme I-1) in the solid state,® concomitantly with the discovery of the double
helical structures of DNA.2 Since then, significant progress has been done in the advancement
of synthetic polymers leading to the development of the field of foldamers, which emerged
along the 90ies.

Scheme I-1. Representative scheme of an isotactic polypropylene.®

Foldamers were first described by Gellman in 1998 as ‘any polymer with a strong
tendency to adopt a specific, compact conformation’.® Moore proposed a more specific
definition in 2001, by considering that ‘any oligomer that folds into a conformationally ordered
state, which is stabilized by a collection of non—covalent interactions in solution’ is a foldamer.’
Thus, the “folding” process appears as a requirement, and this explains why all oligomers that

possess a helical conformation, such as helicenes, cannot be classified as foldamers.

The primary structure of a foldamer consists of repetitive monomers included in a
backbone. The folding of the chain through a collection of non—covalent interactions between
non-adjacent and neighbouring motifs gives rise to the secondary structures. The fascinating
secondary structures of the foldamers developed to date reflects the progress in this field.® For
example, o—helices,®> ! p-sheets!? 4 and turns,*>*" double and multiple helices®*° have been

reported (Figure 1-2).

20



Chapter 1. Helical foldamers: Structures, Supramolecular chemistry and Applications

e
> §
Ribbon Helicate Single strand

Figure I-2. a) Schematic representation of different types of foldamer—based secondary structures,” b) helical
structure,'! ¢) S—sheet,? d) turn, e) double helix?* and f) triple helix.??

Among them, the helical structure constitutes the most reported structural arrangement
adopted by foldamers, most likely for reasons of stability and solubility. Their chirality also
gives them a potential in catalysis?® and chiroptics,?#?® which explains why the scientific
community developed so many structures. Helices are indeed chiral: for a given structure built
from achiral motifs, a pair of left— and right-handed (M and P) conformations is obtained,
leading to a racemic mixture (Figure I-3-a). On the contrary, diastereoisomeric conformations
are derived from enantiomerically pure chiral monomers depending on the capacity of these

monomers to induce a preferential chirality (Figure I-3-b).

a) b)

Achiral monomers Chiral monomers P or M helix

AA A
9 =" ox &“ = RN
‘e AN/ T

M helix
(anti-clockwise)

Figure I-3. a) Schematic representation of helices built from achiral monomers adopting M and P

handednesses. b) A helix built from chiral monomers adopts a preferential helical structure (M or P) since M
and P helices are diastereoisomers in this case.?®

B. Internal and external parameters driving foldamers

Distinct backbones have been shown to adopt helical conformations under specific
conditions, which illustrates that folding process may be affected by several internal and

external parameters. Internal factors are associated to the structure of the foldamer, including:
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1) the characteristics of the building blocks (size, shape, rigidity and rotational restrictions), 2)
the bridging spacer employed to connect the latter components, and 3) the non—covalent
attractive or repulsive intramolecular interactions. Typically, hydrogen bonds and/or m—n
stacking play an important role in stabilizing the folding process by a collection of
intramolecular interactions taking place between the adjacent and non—adjacent monomers. In
addition, the rigidity associated to aromatic backbones interferes to minimize the entropic cost
associated with the formation of an organized structure from flexible building blocks.

External parameters also significantly affect the conformational structure of foldamers.
These include temperature,?’ concentration,?”?8 pH?® and nature of the solvent.2%3! In addition,
depending on the functional group, application of a chemical potential®? and irradiation by

light®*-3 can also be considered as examples of external stimulation.

C. Towards tertiary and quaternary structures

In biomacromolecules, a variety of functions arises only from tertiary and quaternary
structures. This is the reason why, chemists have aimed at elaborating such complex structures.
This definitely constitutes a challenging task, which explains why tertiary and quaternary

structures remain scarcely reported in the literature.

Recently, Huc et al. successfully predicted the formation of a tertiary structure by
computational modelling, which was verified by X-ray diffraction analyses (Figure 1-4-a).%
This team also described a pseudo—quaternary structure composed of eight helices (Figure -
4-b).* These structures are constituted through intermolecular hydrogen bonds between donor
and acceptor sites bridging water molecules. Additionally, the Gellman group also reported a
quaternary structure (Figure I-4—c), which is composed of a—B—peptides (Scheme 1-2).*° The
progress in synthesizing these structures is still modest because the prediction of these
structures remains complicated. Indeed, their design demands developing approaches that
merge different expertise and know—how, including molecular modelling, the designing of the

oligomer sequence and the selective control of handednesses.
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Figure I-4. a) Tertiary,*® and b) pseudo—quaternary structures of foldamers reported by Huc and coworkers,* c)
quaternary structure of a foldamer described by Gellman and coworkers.*°

Il. Types of foldamers

Nature has established an approach of folding and assembly of biomacromolecules in
order to settle and to direct their sizes, shapes and functionalities by using 20 a—amino acids for
proteins and 5 nucleobases for nucleic acids. The development of discrete non—natural
oligomers with predictable and interesting conformational tendencies similar to biopolymers is
necessary to create foldamer—based backbones. Since the folding is established by a series of
non—covalent interactions, synthetic foldamer backbones should comprise complementary sites
to create non—covalent interactions (e.g. H-bond donors and acceptors). In this context, a wide
range of backbones that are able to fold into secondary structures has been reported to date.*!
These can be classified into two main categories according to the nature of the constituting

monomers: ‘biotic’ and ‘abiotic’ foldamers.”*2

Before the term “foldamer” became prevalent, several biopolymers analogues were
efficiently designed and synthesized. The most prominent examples include peptide nucleic
acids (PNAs),*® peptoids,*** oligoureas,*® and p—, y— and 5—peptides,**® which were first
described by Gellman and Seebach (Scheme I-2). The corresponding building blocks are
derived from naturally occurring monomers, which explains why they are named ‘biotic’ or
‘bio—inspired’ foldamers.

o H o) o H H
Y o Y ey

R o R
a-Peptide p-Peptide y-Peptide 8-Peptide
. —\ Base (= A,C,G,T)
LT b Ui Jdda %
P N
PN ™ Y e 0
o R o \_§

Peptoid Azapeptide p*-Peptide p2pe-Peptide Peptide nucleic acid

Scheme I-2. Monomers employed within biotic foldamers.”
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On the contrary, ‘abiotic’ foldamers are built from artificial backbones (e.g. aromatic
units), which means that the monomers are synthetic (Scheme 1-3). Since Hamilton and his
team reported the first family of abiotic foldamers in 1996,% the growth of this class of
foldamers largely expanded. This presumably results from their unique features, including a
high stability, solubility in organic solvents, and the production of highly predictable folded
structures. Thereby, plenty of synthetic abiotic foldamers have been reported to date by Huc,*
Lehn,?” Moore,! Li,>? Gong,>® Yamaguchi,> and Yashima® and others. Given the scope of the

present manuscript, the following paragraphs will focus on abiotic foldamers.

2

Oligoarylamide Oligohydrazide Oligophenylene ethynylene

Scheme I-3. Monomers employed within abiotic/aromatic foldamers.®
I11. Aromatic foldamers
A. Principle types of structures

Since 2000, much effort has been devoted to the rich chemistry of foldamers, and
specifically, aromatic ones. Changing the alkyl monomer to an aromatic one offers a wide
structural diversity and a variety of folding modes, by allowing additional non—covalent
interactions, such as m—n stacking. Additionally, aromatic components offer the advantage of
being functionalizable at various positions, which is a singular and positive aspect in
comparison to peptides monomers. The design of such structures follows a “bottom—up”
approach, involving the preparation of individual monomers and their consecutive assembly to
create sophisticated foldamers. For example, Chen et al. reported the design of a helical
polymer consisting of pyridine and oxadiazole aromatic monomers 1-0 (Figure I-5), which acts
as a nanochannel.>”® The latter shows appealing properties to promote the transport of cations
through a lipid bilayer membrane in a highly selective manner. In addition, it was shown that

the length of these nanotubes can be adjusted and reach sizes as large as 2.7 nm.
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Figure 1-5. a) Chemical structure of an oligo(pyridine—oxazole) foldamer developed by Chen et al., b)
Optimized geometry of the heptadecamer calculated at the wB97X/6-31G* level, ¢) Schematic representation of
the foldamer included in bilayer membrane and promoting ion transport.5®

In this context, the progress in the field of aromatic foldamers has led to the development
of miscellaneous families of abiotic foldamers, such as oligoarylamides, oligoethynylhelicenes,
m—terphenyl-based foldamers, oligoresorcinols, oligo(ethynylpyridines), m—phenylacetylene,*
and others (Scheme 1-4). Noticeably, these aromatic foldamers have found diverse applications
in the fields of HIV (Human Immunodeficiency Virus) treatment,®® catalysis,?® photo—

controlled folding,*®! or selective guest encapsulation.®?
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m-Phenylacetylene Ethynylpyridine Oligoresorcinol

Scheme I-4. Chemical structures of aromatic foldamers.*

The majority of these aromatic foldamers are random coil structures in their single form,
and display helical conformations as dimers (dimerization—induced folding). Nevertheless,
oligoarylamide foldamers exhibit a helical structure, which is essentially maintained by a
network of hydrogen bonds, which makes them part of the rare foldamers capable of adopting

helical structure in a unimer state.
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B. Oligoarylamide foldamers
B.1. Generalities and folding properties

The aromatic oligoamide foldamers described so far highlight promising capacities for
mimicking secondary structures of biomacromolecules.*® Indeed, they exhibit a combination
of notable properties: 1) the stability of their folded secondary structures even in the presence
of competitive solvents; 2) the predictability of their folding; 3) a good propensity to crystallise;
4) a rather straightforward synthesis that involves coupling reactions between activated

carboxylic acids and amines and which can be used to elaborate long sequences.

The amide function in aromatic foldamers differs from those of proteins. Regarding the
latter, the amide is connected to a sp® carbon atom, while it is attached to aromatic rings for
oligoamide foldamers. Thus, the conjugation between the amide functions and the aromatic
units leads to restricted rotations about NHCO-aryl and CONH-aryl bonds (Scheme I-5).
These bonds may have two preferential syn and anti conformations, which induce a partial
coplanarity between aryl and amide units.%* These conformations are also affected by a series
of repulsive and attractive interactions that take place between amide functions and substituents
of the aryl rings specifically on the ortho—position. In the following scheme, all the
conformations are presented. >0

o (o}
= o — =
N--- N=--

’ ’
H H

CONH-aryl bond NHCO-aryl bond
a) c)
D., D H _ Q r
=9 = e e Ol O o 1
= e-NRC= / T 7N 7 =N
Y mo ~NH N\ Xy \ & N*-Metal
H - DO D -
syn syn
b) d)
A AH, r H R r
Cx)iqo —X Ne-- =N =C-N=C @—N’ — N - =C-0-RH =N =C-C=0
B e— XA 4 =C-OR =N*"-O" N -— N\ 7N XA 4 =c-DR =N*-O- =C-C=N
N7\ m =CF =C-O Xy ) X H =CF =C.0- =C-N=C
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anti anti

Scheme I-5. Conformational preferences of an aryl amide sequence through attractive and repulsive
interactions of various CONH-aryl and NHCO-aryl linkages.>®

The orientation of the amide function, the shape and the size of the building blocks, as
well as the endo- or pericyclic character of the hydrogen bonds network, govern the obtaining
of the adopted conformation. These parameters result in varying angles, leading to either high
or moderate curvature, which in turn leads to different cavity diameters. Consequently, different

numbers of units per turn can be generated as shown in the following Scheme 1-6.%°
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Scheme 7-6. Bending of oligoarylamide foldamers depending on intramolecular hydrogen bonds: a) and b)
endocyclic, ¢) and d) pericyclic intramolecular hydrogen bond.>°

In 1994, Hamilton and coworkers described the first examples of oligoamide foldamer
constructed from pyridine—2,6—dicarboxamide and anthranilamide monomers.%> When the
oligomer is exclusively formed from anthranilamide monomers (I-1), the intramolecular
hydrogen bonds induce the adoption of a sheet conformation (Figure I-6—Left). Alternatively,
introducing pyridine-2,6—dicarboxamide monomers within the same oligomer generates a
helical compact structure I-2 (Figure 1-6-Right).*® Therefore, these examples show how
modifying a simple structural detail can trigger the alteration of the overall conformation and

behavior in solution.

+%
o=

Figure I-6. Left. First aromatic foldamers described by Hamilton: oligoanthranilamide I-1 and its
corresponding crystallographic sheet structure.*® Right. Oligo(anthranilamide—pyridine-2,6—dicarboxamide) I—
2 and its corresponding crystallographic helical structure.

Later on, Lehn, Huc and coworkers enlarged this family of foldamers and reported an
oligoarylamide skeleton endowed with alternating pyridine-2,6—dicarboxamide and 2,6—
diaminopyridine (Figure I-7-a). In this case, the folding is stabilized by m—m stacking,
interstrand hydrogen bonds N-“H-N, and electrostatic repulsions between the nitrogen atom of
pyridyl rings and oxygen atom of the carbonyl functions. The X-ray crystal structure of

foldamer I-3 shows the strong effect of hydrogen bonds on the radius of curvature of the
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oligomer; the latter, which is defined by 6 and 6’ carbon atom bonds, is as small as 39°, while

one could expect a 60° value (Figure I-7-b—c).
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Figure I-7. @) Chemical structure of an oligopyridine dicarboxamide foldamer, b) Crystallographic structure of
foldamer I=3 in its single helical form, c) folding mode.?’

As far as this skeleton is concerned, it appears also important to underline the
contribution of Huc and collaborators, who took advantage from the acid-base properties of
pyridine units to control the folding and unfolding processes of helical structures (Figure 1-8).
Upon addition of excess TFA, diaminopyridine rings can be protonated in a selective manner,
which induces the unfolding of oligomer I-4 leading to a linear sequence in solution (Figure I-
8-b). Subsequently, the helical character can be regenerated by applying two different
strategies: 1) by adding stronger triflic acid, which induces the protonation of all pyridine rings
and lead to strong electrostatic repulsions between neighbouring pyridine rings, and 2) by
introducing an excess of base such as triethylamine.?%®” In this case, the base deprotonates the
pyridinium ion, which regenerates the helical conformation promoted through intramolecular

hydrogen bonds.
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Figure I-8. @) Rotation around the aryl-amide bonds due to consecutive protonations in the presence of an acid
source, b) Acid induced conformational switching of foldamer 7-4, and the obtained crystallographic structure
of the linear conformation.?®¢7

B.2. Towards host—guest chemistry and molecular recognition

Molecular recognition relies on the complementarity between the binding sites of the
host and the guest. Indeed, one should note that the folding process of oligomers into helical
structures promotes the appearance of a cavity, which may serve as a recognition site. On the

other hand, foldamers may also display superficial binding pockets, just as some proteins do.

In this context, investigating the possibility to tune the size, shape and chemical nature
of the guest-binding site encouraged scientists to explore the molecular recognition properties
of oligoarylamide foldamers. Depending on the foldamer skeleton, two categories of molecular
recognition based on such foldamers can be defined. The first one relies on the internal cavity
formed upon folding of a linear sequence, while the second one corresponds to binding

processes that occur at the surface and involves the side chains.

B.2.a. Molecular recognition within the cavity

The families of foldamer receptors reported so far have allowed for considerable
improvements in the design of the shape and the cavity size of helical oligomers. This notably
allowed for developing systems that bind anions, cations and neutral guests, with particularly

high binding constants and selectivities.%8° For instance, Huc and coworkers described the
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ability of oligopyridine dicarboxamide to catch water molecules. This fact was captured in the
solid state by X-ray structures,’® and in solution by developing the concept of ‘molecular apple
peal’ (Figure 1-9).”* The analysis in solution by 'H NMR spectroscopy at low temperature
showed the presence of two peaks for water molecules, which are in slow exchange at the *H
NMR timescale. These ones correspond to the encapsulated and free water molecules, as
confirmed by NOESY spectroscopy, which evidenced contacts between the confined water
molecule and some of the amide protons within the cavity.

O/Bu OBn OiBu
z A z
N I ﬂ N ﬂ I < N.__N_IN J, !
N I X N | X N
NO, o Z (o} o Z (o} NO,
2 2
1-5

Figure I-9. Chemical structure of foldamer 7-5 and its corresponding crystallographic structure in a single
helical form capturing one water molecule.’

Elongating the foldamer skeleton resulted in the encapsulation of two water molecules
by I-7 and introducing larger building blocks (I-8), such as quinoline and/or anthracene units,
constituted a relevant manner to increase the helix diameter,’>"® and encapsulate larger guests,

like 4-amino—1-butanol (Figure I-10)."

OiBu OiBu

I-6: QQQPPPQQQ I-7: QQQPPPPPPPQQQ I-8: QQQPPPQFQFAQFQFPPPQQQ
I-6 D H,0 I7 D 2H,0 I-8 D H,N(CH,),OH

Figure I1-10. Representative chemical structure of oligopyridine dicarboxamide foldamers containing three
different monomers: pyridine, quinoline and anthracene. Crystallographic structures of foldamers I-6
encapsulating one water molecule, I-7 encapsulating two water molecules, and 7-8 encapsulating 4—amino—1—
butanol.”2"
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B.2.b. Molecular recognition at the surface

The recognition phenomenon may also occur on the surface of helical oligomers. In this
situation, the bound guest is generally larger than the foldamer backbone itself. This type of
recognition is most often encountered for proteins and DNA for biological applications.”
However, numerous examples were reported on this subject for abiotic foldamers.”®"® Most of
these examples involve the construction of tweezer receptors with short oligomers.®® As an
illustrative example, helical foldamer I-9 was selected because it constitutes quite a

sophisticated system and displays an interesting behavior (Scheme 1-7).”’

It is functionalized by six electron—donor zinc porphyrin rings at the side chain of its
skeleton. The folded conformation in CDCls was confirmed by *H NMR spectroscopy with
amide protons appearing in the downfield region. *H NMR and UV-visible absorption
spectroscopy showed that the foldamer forms a 1:6 complex in the presence of Ceo—ligand I-
10 with a high binding constant (3.6 x 10% CDCls, 25°C). A combination of non—covalent
interactions guarantees the matching: the nitrogen atom coordinates the Zinc porphyrin and the
n—m stacking between Ceo and porphyrin core. In addition, the appearance of CD signals upon

titration with I-10 indicates a chiral induction from the guest to the host.

PMB = p-methoxybenzyl, R = n-CgH,7, Ar = 3,5-tert-butylphenyl

Scheme I-7. Chemical structure of complex 1:6 formed between helical foldamer I-9 and chiral Ceo—ligand I—
10.77

B.3. Towards hybridization and self-recognition

It is not rare that oligoarylamide foldamers exhibit a remarkable behavior in solution at
high concentrations: some actually tend to dimerize to adopt a double helical arrangement and

exhibit self-recognition.
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Contrary to helicates, these double helices are obtained in the absence of metal ions,
which constituted a significant leap in the field of supramolecular chemistry in the early
2000s.828* This result established a novel route to design and elaborate duplexes, notably to
explore their physico—chemical properties. The following paragraph illustrates the progresses

made in developing foldamers able to hybridize into double and multiple helices.

V. Hybridization of helical foldamers

As mentioned above, nature gave the most relevant examples of hybridization through
the double helices of DNA and collagen®® and multiple helices of gramicidin.®® The
fundamental role accomplished by these multiple helices is key, notably regarding the genetic
information storage by DNA. When foldamers form multiple helices, the hybridization of two
identical strands leads to homoduplexes, which are very common in the literature, while
heteroduplexes are obtained when different strands associate. The hybridization phenomenon
involves a series of non—covalent interactions within two or more intertwined strands to form
double or multiple helices. Diverse categories of double helical structures have been designed
so far, built from ion pairing, hydrogen bonding, aromatic stacking and/or solvophobic

interactions.

A. Hybridization into homoduplexes
A.l. Oligoarylamides

A very interesting family of double helical foldamers is derived from aromatic
oligoarylamide. These oligomers fold into a single helical conformation stabilized by a series
of intramolecular hydrogen bonds.?® This single helix is able to extend like springs and dimerize
to form double helical strands. This phenomenon results in an expansion of the surface area
between the aromatic rings (Figure I-11). Indeed, intramolecular aromatic stacking is
substituted by intermolecular n—= interactions between pyridine units layered on top of each
other, which stabilize the edifice. As a result, this stabilization is primarily driven by an

enthalpic effect that compensates for the entropic cost.8”-8°
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Figure I-11. Representation of the extension/compression of two single helical strands and eddy-like slippage of
one single helical strand inside the other to create a double helical structure.®”-#

The dynamics of these foldamers in solution is readily followed by 'H NMR
spectroscopy. The NMR signals can be assigned to single and double helices upon varying the
concentration or the temperature: double helices are favored upon increasing the concentration
or lowering the temperature. This equilibrium is most often slow at the NMR timescale, which
explains the progressive disappearance of the signals assigned to the double helix to the benefit
of the single helix ones along dilution experiments. When the equilibrium state is reached, the
measured proportions of single and double helices permit the evaluation of the dimerization
constant using a non-linear regression analyses.?’8 This equilibrium is influenced by the
solvent composition:?” the dimerization constant Kqim tends to increase in solvents featuring
moderate polarities, such as chloroform, and to decrease in polar and competitive solvents to

hydrogen bonds, such as DMSO and pyridine.

On the other hand, the hybridization equilibrium of these oligomers is affected by
different internal parameters. It was evidenced by *H NMR spectroscopy that increasing the
length of oligomers leads to a significant enhancement in the hybridization propensity to form
double helices (Kgim (I-12) = 10%, while Kgim (I-15) > 10°) Figure 1-12).%° This result highlights
the role of n—m stacking in stabilizing the duplex structure. However, expanding the length of
oligomers lowers in a significant way the kinetics of association and dissociation between single

and double helices from minutes for heptamer to weeks for tridecamer.
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Figure I-12. Structures of foldamers I-11 to I-15, the crystallographic structures and the association constants
of the corresponding homoduplexes.®°

The enlargement of the helix diameter by introducing bigger monomers generates a
pronounced stabilization of the double helical structure, with dimerization constants exceeding
10" in numerous organic solvents.* Increasing the surface engaged in intermolecular m—n
stacking and lowering the enthalpic cost by increasing the helix diameter are responsible for

the improved hybridization ability (Figure 1-13).
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Figure I-13. Representative structural formulas of monomers with color—coding* and the crystallographic
structures of the corresponding homoduplexes az,% b,,% ¢2,% dj,** €,,% f,,% g,!8, and h,.%7
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The important role of side—chain/side—chain interactions in stabilizing the folded
structures of proteins is known for decades.®®1% In this context, foldamer skeletons have been
functionalized with various side chains, generally through the position 4 of pyridyl rings (Figure
[-14-a). The studies conducted by *H NMR spectroscopy demonstrated that introducing
decyloxy chains on each pyridyl moiety of foldamer I-18 leads to a significant enhancement of
the dimerization constant (Kgim = 6.5 x 10%in CDCIs) in comparison to foldamer 1-16 (Kgim =
30 in CDCIs), which lacks side chains. Here, the electron donor character of decyloxy chains
as well as an interdigitation of the alkyl chains are responsible for the stabilisation of the duplex,

by increasing the n—n interactions between aromatic rings.3!192

a) R b)
HO () o <7
HN NN NN NN PNH2
g
3
Q

M6R=H
1117 R = OCH,
1118 R = OCgHy
I19R = OBn

Figure I-14. a) Structures of foldamers I-16 to I-19 with their corresponding side chains,3.1% )
Crystallographic structure of foldamer 7-19 in its double helical form.1%3

Switching from alkyl to aromatic chains also proves to affect the hybridization
equilibrium. The dimerization constant (Kgim = 5.3 x 10°in CDClIs) of foldamer I-19 exhibits
a tenfold increase in comparison to I-17 (Kgim = 8.2 x 10* in CDCls) and 1-18.1%1% The high
stability of the duplex is attributed to the interstrand interactions between the aromatic rings of
the side chains, which was confirmed through a crystallographic structure (Figure 1-14—b).
These side chain interactions appear powerful, since this foldamer hybridized in a solvent

competitive to hydrogen bonds, such as DMSQ.1%

A.2. Helicene-based foldamers

As mentioned before, other types of building blocks dimerize to form duplexes based
on aromatic interactions. Ethynylhelicene oligomers are considered part of these families, as
the formation of duplexes is guaranteed when the backbone includes a minimum of six
monomer units.>* The stabilization of these duplexes depends on the hard or soft character of
the side chains (I-20 to I-24). Considering that the helicene monomer presents a soft character,
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the organization of soft—hard (helicene—side chain) monomers was found as optimal to form

stable double helices, compared to soft—soft organization (Figure 1-15).1%
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Figure I-15. Structures of foldamers I-20 to 7-24 with their corresponding side chains and illustration of the
stable and less stable duplexes depending on the organization between soft and hard monomers.1%

The substitution of alkyne linkers by other functional groups such as amide (I-25, I-
26),1971% aminomethylene (I-27)'%1 or sulfonamide (I-28)%21'% may allow additional types
of non—covalent interactions to take place, such as hydrogen bonds, which improve the stability
of the duplexes (Scheme 1-8). Moreover, Yamaguchi et al. showed that these duplexes are
solvent> and temperature responsive.>*1%114 They dissociate in the presence of soft aromatic
solvents and at high temperature, while they are stabilized in hard aromatic solvents and at room

temperature (25°C).

2,

H H
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Scheme I-8. Representative scheme of various linkers used for the construction of helicene—based oligomers:
amide I-25 and 1-26,'%71% aminomethylene I-27,'% and sulfonamide 1-28.1*2

36



Chapter 1. Helical foldamers: Structures, Supramolecular chemistry and Applications

A.3. Other backbones forming homoduplexes

The examples described in paragraph §8IV.A.1 and §IV.A.2 highlighted the ability of
foldamers to dimerize in organic solvents. As reported by Yashima and coworkers, this can also
be successfully achieved in water with oligoresorcinols (Figure I-16-a). Indeed, synergetic
solvophobic interactions allow for the formation of such species in aqueous environments,
while this foldamer remains in a random coil structure in most organic solvents (e.g.
methanol).*® Single and double helices of the short oligomer 1-29 were obtained depending on
the composition of solvent (Figure I-16-b). Considering the longer oligomer I-30, it was
shown that upon the addition of B—cyclodextrin, double helices were dissociated because a
[3]pseudorotaxane composed of one strand of I-30 and two B—CD macrocycles was formed.
Interestingly, the incorporation of adamantane derivative led to the formation of inclusion
complexes and hence, to the consequent release of the single strand and regeneration of the
double helices (I-30)2 (Figure 1-16—c).*® This constitutes an original example of a reversibly

controlled double helix formation by adding additional components to the medium.

a) b) c)
& o=
HO OH [ B-cD}
J < —
OH O " OH -
HO OH (ﬂfD‘
Il
::ig : - 3 129 (1-29), (1-30), @C 1-30.(8-CD),

Figure I-16. a) Structures of oligoresorcinols foldamers 7-29 and I-30, b) X-ray structures of foldamer I-29 as
single helix (crystallized from CHCIs/CHsCN) and double helix (crystallized from water), ¢) Schematic
representation of the reversible hybridization of I-30 upon adding f/—CD and adamantane derivative,1>116

Eventually, while most duplexes are stabilized by n—r stacking, Wisner and coworkers
designed a family of foldamers constituted by alternative pyridine and thiazine dioxide (e.g. I-
31), which dimerize to form double helical structures stabilized mainly by hydrogen bonds.*’
The interstrand hydrogen bonds were evidenced by *H NMR spectroscopy, the NH hydrogen

donor of thiazine dioxide shifted downfield upon increasing the concentrations (Figure 1-17).

Figure I-17. Structure of foldamer I-31 and its corresponding double helical crystallographic structure.”
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B. Hybridization of helical foldamers into heteroduplexes
B.1. Cross—-hybridization of foldamers displaying similar skeletons

The hybridization of two non—identical strands into duplexes requires an additional and
complementary driving force in order to synthesize heteroduplexes selectively. This probably

explains why heteroduplexes remain rare scarce in the literature.

m-Terphenyl-based foldamers, mainly developed by Yashima, hybridize to form
duplexes based on specific complementarity between both strands bearing carboxylic acid and
amidine functions, as illustrated with 1-32 and 1-33 (Figure 1-18). As both strands are
constructed from different and complementary building blocks, this family of oligomers
dimerize to form hetero—double helices. These duplexes display a high stability, even in polar
solvents, due to partially charged structure of amidinium—carboxylate salt bridge, and their

dimerization constant is predicted to be higher than 10° at 25°C in moderately polar solvents

like CHCI3.»®
b)
MesSi SiMe;
O._OH Z
1-32 X = none @
1-34 X =1,4-C;F,

1-33 X = none
1-35 X = 2,5-(Me0),-1,4-C¢H,

Figure 1-18. a) Structures of foldamers I-32 to I-35 bearing amidinium and carboxylate functions. No linker
separating monomers for I-32 and I-33, I-34 contains an electron—deficient linker and I-35 contains an
electron—donor linker, b) Crystallographic structure of heteroduplex I-32 and I-33.1181%

Various structural parameters can influence the strength of the interaction between both
strands. For instance, Yashima and coworkers showed that introducing a methylene bridge
between the phenyl ring on one hand, and the carboxylic acid function or the amidine one, leads
to a weaker ion pairing phenomenon.t!® Alternatively, an additional driving force can be set up
to enhance the stability of the duplex: by introducing the 2,3,5,6—-tetrafluorophenyl unit (I-34)

and the 2,5-dimethoxyphenyl one (I-35) on the p—phenylene connectors, a significant increase
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of the dimerization constant was evidenced (Figure I-18). This effect was rationalized by the

authors in terms of aromatic interactions between electron—poor and electron-rich moieties.!°

Taking advantage from the chirality of some foldamers, Yamaguchi and coworkers have
recently described the formation of heteroduplexes 1-36+1-37 using a new methodology based
on pseudoenantiomeric ethynylhelicene oligomers. The latter consists of (M) and (P) helicenes
bearing different side chains. Through CD spectroscopy measurements, it was found that
mixing different helicities leads to the formation of heteroduplexes, which proved to be more

stable than the corresponding homoduplexes (Scheme 1-9).1%

CO,-nC1oH21 4

Scheme I-9. Structures of ethynylhelicene foldamers I-36 and I-37 bearing different side chains.'?

Regarding the family of oligoamide foldamers, Huc and coworkers reported the cross—
hybridization between pyridine dicarboxamide oligomer I-38 and its oxidized derivative 1-39
(Figure 1-19-a). In solution, both oligomers dimerize into homo—double helices with moderate
dimerization constant: Kgim (I-38) = 30 and Kaim (I-39) = 125 in CDCIs at 25°C. On the
contrary, heteroduplex formation between both oligomers was found to be more favorable in
the same conditions with a significantly higher dimerization constant (Kgim (I-38¢1-39) =
1140). This particular stability apparently results from electrostatic repulsions, as suggested by
theoretical calculations.*?* Eventually, it was found that oligoamide foldamers made from
quinoline building blocks bearing fluorine (I-40) and chlorine (I-41) atoms undergo cross—
hybridization because of their steric complementarity, as demonstrated by H NMR
spectroscopy and mass spectrometry (ESI MS) (Figure 1-19-b).%” In a similar way, foldamers
built from the same skeleton but bearing different side chains in an equimolar ratio mainly
afforded heteroduplex 1-42<1-43 and to a lesser extent, homoduplexes (I-42)2 and (1-43)2
(Figure 1-19-¢).%
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Figure I-19. Structures of oligopyridine dicarboxamide foldamers and their heteroduplexes.

B.2. Cross—-hybridization of foldamers displaying different skeletons

The examples discussed so far mentioned cross—hybridization processes between

similar skeletons. Noteworthily, this phenomenon is sometimes observed between very

different strands. For instance, Huc and coworkers demonstrated the ability of a short oligomer
(I-44), which strongly tends to hybridize (Kqim > 107), to partially dissociate and undergo cross—
hybridization with oligomer 1-45 (Kaim >10°). As evidenced in the solid state (Figure 1-20),%

introducing a quinoline monomer was found to enlarge the helix diameter and thus, improved

their capability to hybridize into double helices.

OiBu OiBu

_ |1-44 R = OMe
YOS EYEN.
N N | < A \n’
[e] ~ —~ o) I-45 R=
2 OiBu OiBy 2

s

(1-44), I-45 I-44+1-45

Figure I-20. Structures of foldamers I-44 and I-45, crystallographic structures of (I-44). in its double helical

form, I-45 in its single helical form and the heteroduplex I-441-45.%

The formation of heteroduplexes by hybridization of different skeletons was also
reported by Wisner and coworkers with the I-461-47 and I-46+1-48 pairs. This was achieved

by taking advantage of hydrogen bond interactions between hydrogen bond donors (I-47, I-
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48) and acceptors (I-46). The corresponding duplexes were formed in solution state with high

dimerization constant (Kgim > 3 x 10%, CDCls), as well as in the solid (Figure 1-21).122123

1-46 1-46°1-47 1-46 1-46°1-48

Figure 1-21. Structures of foldamers I-46, I-47 and I-48 and crystallographic structures of heteroduplexes I—
46°1-47 and I—47+1-48 122123

Eventually, oligoresorcinol I-30, which was described in the section dedicated to
homoduplexes (IV.A), undergoes a process of dissociation and subsequent reorganization
when exposed to linear oligosaccharides 1-49. This example is quite unique, since this
heteroduplex associates strands that have little in common, apart from the presence of
hydrogen bond donor and acceptor functions (Figure 1-22).12* This remarkable behavior
could be evidenced through circular dichroism spectroscopy, as oligosaccharides induce a

preferential handedness of the foldamer backbone.

Y <’>

Ollgosaccharldes

Mand P helices
CDsilent

CD active

(1-30), 1-30+1-49

Figure I-22. Schematic representation of the dissociation of homoduplex (7-30): in favor to heteroduplex -
30-1-49 formation upon adding an oligosaccharide 7-49.1%

C. Hybridization of helical foldamers into multiple helices

Multiple helices, such as triple and quadruple helices, are considerably less common
than double helices and, in most of the cases, they are obtained serendipitously. Huc and
coworkers described a tetrameric oligomer I-50 containing 1,8—naphthyridine monomers. X—
ray diffraction analyses showed that three strands of this foldamer hybridize in both ‘parallel’
and ‘anti—parallel’ fashion. In other words, the three helices display either identical or non—
identical extremities (Figure 1-23-a).%°
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Figure [-23. a) Structure of foldamer I-50 and its corresponding triple helical X—ray structures (7-50)s,
b) Structure of foldamer I-51 and its second corresponding quadruple helical X—ray structures (7-51)4.18°

The formation of a quadruple helix architecture was reported by Jiang and coworkers in
2008 with foldamer 1-51. The crystallographic structure of this fluoroquinoline derivative
showed the exceptional formation of a quadruple helix with a large cavity, where water
molecules were lodged (Figure I-23-b). Thereby, these examples illustrate how even minor

variation in the molecular structure can induce unexpected supramolecular arrangements.

V. n—Functional foldamers: Challenges of the thesis

The rich supramolecular chemistry of foldamers may explain why these structures have
found miscellaneous applications in 1) host—guest chemistry, to trap and detect different types
of guests,'?>!%6 2) molecular machinery, as pseudo—cycles surrounding axles,?"12¢ 3)
therapeutics and biological applications (ion channelling and cell penetration),!21 or 4)
catalysis.?® Besides the established applications of foldamers, it is important to acknowledge
that there are additional characteristics to investigate. In this context, the double helices differ
from single helices in terms of geometry and potentially, physico—chemical properties. Indeed,
controlling the hybridization equilibrium between single and double helices in a reversible
manner, without altering the composition of the medium using other strategies than increasing
the concentration, lowering the temperature or adding a guest, is still a challenge. Thus,
controlling this equilibrium may constitute a strategy to drive the physico—chemical properties
of foldamers. This has already been achieved by incorporating responsive units, undergoing
conformational or configurational changes upon applying external stimuli, such as light, 3131132

redox stimulations®*® or by donor—acceptor interactions.’3**** This can be advantageous to
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develop smart materials and specifically controlling the hybridization equilibrium to elaborate

homo- and heteroduplexes in a reversible manner.

A. Modulating foldamers conformations through redox stimulations

The examples reported so far concerning redox—responsive foldamers, predominantly
focus on controlling the conformational changes of individual strands. In this context,
introducing electroactive units constitutes a strategy to modulate the conformation of foldamers

when applying redox stimulations.

In this context, Heinze and coworkers'® studied the effect of the redox properties of
ferrocene units as a spacer on the behavior of foldamers. The spectroscopic, electrochemical
and theoretical studies conducted on I-52 demonstrated that the oxidation of ferrocene units
leads to a conformational change, promoted by electronic repulsions between oxidized redox
units.®®” On the other hand, taking advantage from an electroactive spacer able to switch
between two conformations, Takata and coworkers'® described polymer 1-53 comprising
chiral spirobifluorene units. This macromolecule can undergo reversible changes from a
conformation with a conformational freedom to a rigid planar conformation upon oxidation.
This leads to a conformational change of the polymer from its helical structure to a coil-shaped
and rigid helix. This highlighted an innovative redox—driven foldamer by modifying the rigidity
of the skeleton (Figure 1-24).

Reduction
Rotational Planar

1-52 1-53

Figure [-24. Structures of electroactive foldamer I1-52 and I-53, and schematic illustration of the
conformational change of I-53 upon oxidation.*37:138

Dubreuil, Huc and coworkers!*® demonstrated that the reduction reaction of 1-54 leads
to the conversion of a pyridazine ring into a pyrrole one. This irreversible process affected the
host—guest chemistry of this foldamer because the association constant with tartaric acid is
significantly lower after reduction (Kpyridazine > 10° vs Kpyrole = 1.6 x10%). However, one will

note that this example may lack reversibility.
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Scheme 1-10. Structure of foldamer 1-53.1%°

In this context, the research led by Z.T. Li and coworkers deserves to be highlighted.
For instance, this team designed short oligomer I-55, which is capable of forming distinct
arrangements promoted by inter or intramolecular hydrogen bonds when oxidizing the TTF
units.**® Based on the same concept of radical—-cation dimerization, Z.T. Li and coworkers
demonstrated that the preferred secondary structure of an oligo(ethylene glycol)-linked
bipyridinium BIPY?* radical cation polymers 1-56 depends from inter— or intramolecular

radical stacking, which favors homoduplexes or pleated structures, respectively (Scheme I—
1).141,142
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Scheme I-11. Examples of electroactive foldamers containing tetrathiafulvalene I-55 and BIPY?* I-56
UnitS.141'142

Combining both driving forces, radical cation dimerization and donor—acceptor
interactions, the same group developed a series of non-helical foldamers containing donor and
acceptor electroactive units, such as TTF and bipyridinium (BIPY?") 1-57,%
dialkoxynaphthalene (NP) and bipyridinium BIPY?* I-58,14 respectively. On this ground, the
authors showed that the folding—unfolding processes can be tuned according to their

oxidized/reduced states. This control can be achieved thanks to donor—acceptor interactions and
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to radical—cation/anion dimerization of the oxidized/reduced species, respectively (Figure I—-
25).
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Figure I-25. Structures of foldamers I-57 and I-58 and a representative illustration of the conformational
change of I-58 depending from the redox—state of BIPY?*,143.144

This team also went one step further using the same methodology, with the design of a
pseudo-rotaxane. In this context, a flexible oligomer incorporating TTF units was synthesized.
Taking advantage from the reversible oxidation of TTF units, it was demonstrated that oligomer
I-59 is linear in its neutral state and can interact with CBPQT** by donor—acceptor interactions.
The oxidation of TTF units weakens the corresponding assembly and provokes the dissociation

of the axis and macrocycle, since radical cations interact together, which leads to a folded
structure (Figure 1-26).14
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Figure I-26. Structure of foldamer 7-59 and schematic representation of the involving equilibria depending from
the redox states of TTF units.4

Eventually, one will note that our group has also taken advantage of the radical—cation
dimerization ability of TTF units to control the hybridization equilibrium of a helical foldamer

in a reversible manner. This work will be discussed in detail in the introduction of Chapter 2.
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B. Foldamer based on donor-acceptor interactions

In 1995, lverson and Lokey!3+135146 reported the first abiotic and hydrosoluble aromatic
foldamer 1-60. Its pleated secondary structure in solution was ensured by intramolecular
aromatic interactions between 1,4,5,8-naphthalenetetracarboxylic diimide (NDI) and 1,5—
dialkoxynaphthalene (DAN) rings, which adopt a face—centered stacking arrangement. This
was demonstrated by 'H NMR and UV-visible absorption spectroscopies (Figure 1-27-a).
Their first result encouraged them to elaborate two additional oligomers containing NDI and
DAN (oligo—DAN I-61 and oligo—NDI I-62). Both oligomers intertwined together to give a
heteroduplex in aqueous solution (Figure 1-27-b).1#" Interestingly, the corresponding red
solution (1.5 mM) turned colorless upon heating at 80°C. The disappearance of the absorption
band at 526 nm indicated the dissociation of donor—acceptor pairs at high temperature. This
spectral modification proved to be irreversible, which shows that heteroduplexes are not formed
back after cooling.*® This example stands as a significant demonstration of the construction of
heteroduplexes, potentially serving as an inspiration for chemists to build heteroduplexes with

precise reversibility control.

a) o b)

1-61+1-62
HN
=0
HyC

Figure [-27. Structures of foldamers I-60 to 1-62, and schematic representation depicting the formation of the
intertwined heteroduplex.47148

Using a similar strategy, Smietana, Morvan and coworkers recently designed hexamers
including NDI (I-63) and DAN (I-64) units linked by one or two phosphodiesters around a
propanediol to ensure the flexibility and hydrophilicity of these hexamers (Figure 1-28). UV—
visible absorption spectroscopy revealed the formation of a charge transfer complex through

intertwining both hexamers in water. This duplex serves as a seed for the assembly into fibers,
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which subsequently evolves towards a hydrogel state upon drying.}*® Interestingly, a
heterohexamer made of alternating DAN and NDI monomers led to the formation of
nanotubes.’™® Altogether, these results show to which extent the obtained microstructures
depend on the unimers that self-assemble and how much remains to be done to fully control

the bottom—up approaches.
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Figure [-28. Structures of I-63 and I-64 and schematic representation of the corresponding heteroduplex I-
63164149150

These previous examples reported the formation of duplexes in water, where charge
transfer interactions were found to be strong. This certainly explains why the impact of donor—
acceptor interactions on the supramolecular chemistry of foldamers was less explored in organic

solvents.

In this context, our group began to develop this strategy after promising preliminary
work on this subject. Foldamer I-65, endowed with two pyrene units at both extremities acting
as donor moieties, was shown to form dimers, as evidenced by *H NMR spectroscopy (Figure
1-29). Upon adding an electron—deficient substituent (DCTNF, I-67), the equilibrium shifted
towards the single helical state, most likely because DCTNF is involved into stronger aromatic
interactions with the single helices in comparison to the double ones. This process was
associated to a color change and logically, to the appearance of a charge transfer absorption
band around 650 nm.**! Furthermore, in unpublished results, it was found that a heteroduplex
I1-651-66 was detected between pyrene— (I-65) and a 3,5-dinitroaniline—containing (I-66)

foldamers using *H NMR spectroscopy and mass spectrometry, despite a clear of selectivity.
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Figure [-29. Structures of foldamers 7-65 and I-66, and schematic representation of the dissociation of the
dimer upon adding DCTNF I-67 to favor the complex I-65¢1-67.1%

Therefore, the unique examples described by Iverson, Smietana and their teams, as well
as the little we know about the design of heteroduplexes motivated our group to design
heteroduplexes (if possible, in a selective manner) in order to investigate their supramolecular

behavior and target new physico—chemical properties.

V1. Thesis objectives

As evidenced by this introductory chapter, foldamers have been thoroughly studied in
the literature and have emerged as potential candidates in a wide variety of applications ranging
from biomedicine to materials science. These architectures are obtained from covalently linked
monomers, able to fold in different ways through non-covalent interactions. This folding
process leads to the formation of sophisticated secondary structures, depending on the backbone
design and types of monomers. Some foldamers were shown to form multiplexes, e.g. double,
triple or even quadruple helices. Devising strategies that can foresee and govern their formation

appears relevant, most of them being serendipitously discovered at the time.

As mentioned at the beginning of this chapter, double helices differ from single helices in
terms of geometry and physico—chemical properties. This is the reason why controlling the
parameters that govern the equilibrium between single and double helices represents a challenge
that has to be tackled. The equilibrium between single vs double helices depends on solute—
solute and solute—solvent interactions. Thus, it can be shifted towards the hybridized species by
increasing the concentration, varying the temperature or by taking advantage from the presence

of a cavity formed by the helical skeleton.

Switching from single to double helices in a reversible manner can be already reached
by controlling the temperature. However, it is challenging to induce this switching process by

increasing the concentration, changing the solvent or introducing a guest, without altering the
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composition of the medium. Consequently, reaching a reversible control over the equilibrium
between single and hybridized helices represents a fundamental exciting challenge and
constitutes the central concept of the RECHERCHE project (funded by the National Research
Agency). This is why we envisaged to control the equilibrium between helices by applying an

external stimuli, which would not affect the composition of the medium.

In this context, Chapter 2 discusses our efforts and successes to control the single-to—
double helix equilibrium through redox stimulations. This part of the manuscript focuses on an
electroactive foldamer grafted with the tetrathiafulvalene redox switch and its analogues, which

helped understanding a particular supramolecular behavior.

Chapter 3 will primarily target the efforts conducted to elaborate heteroduplexes in a
selective manner through donor—acceptor interactions. It will detail our efforts to synthesize
and characterize electron rich strands (incorporating tetrathiafulvalene, dialkoxynaphthalene,
pyrene units), and poor ones (containing trinitrofluorenone, naphthalene diimide functional
groups) at the extremities of the foldamer skeleton. This chapter will also focus on the
unexpected behavior of the electroactive foldamers and detail our efforts to understand their

singular supramolecular chemistry.
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Chapter 2. Redox-triggered hybridization into homoduplexes

|. Introduction

As mentioned in the conclusion of Chapter 1, the general objective of this PhD work
lies on the design, the synthesis, and the characterizations of helical electroactive foldamers and
the selective synthesis of duplexes. In this context, Chapter 2 details the efforts we made to

devise homoduplexes and control their hybridization equilibrium.

Consequently, the following discussion focuses on the development of a new helical
electroactive foldamer that was designed to allow for controlling the single vs double helix
equilibrium in a reversible manner. In fact, the hybridization equilibrium is governed by
different parameters, which are related to solute—solute and solute—solvent interactions. Thus,
shifting the equilibrium towards the hybridized species is possible by increasing the
concentration, lowering the temperature, taking advantage from solvophobic effects or the
presence of a guest, and hence by modifying the composition of the medium. Unfortunately
reaching reversibility through these strategies seems difficult. For that reason, achieving a
reversible control over the equilibrium between single and hybridized helices without altering
the composition of the medium constitutes a challenge to overcome. In this context, redox

stimulation appeared as a relevant lever to reach our goals.

This concept was initially explored in our research group during the thesis of Dr Lara
Faour, focusing on a short oligomer and a flexible linker.! The objective of the present work is
to extend this study to longer oligomers and a rigid linker, providing further insights into the
impact of TTF oxidation on the hybridization process. The following paragraphs will discuss
the choices made regarding the foldamer skeleton, the selected electroactive unit, and the linker.

The main objectives of this chapter consist in:

= Investigating the behavior of the functionalized foldamer in solution and the impacts of
solvents, concentration, temperature and the presence of certain additives.

= Studying the effect of a short linker on the conformation and hence, on the hybridization
equilibrium in solution. A particular attention will also be paid to the solid—state.

= Assessing the influence of electrochemical stimulations on the hybridization

equilibrium by varying the redox state of electroactive units.
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A. Oligopyridine dicarboxamide foldamers: characteristics and
hybridization

Oligopyridine dicarboxamide foldamers are constructed from alternating 2,6—
diaminopyridine and 2,6—dicarbonylpyridine units. These oligomers allow for incorporating
diverse functionalities units at the Ry, Ri> and Rz positions (Scheme 11-1). This family of
foldamers, which was initially developed by Lehn and Huc, adopts a specific helical

conformation in solution that is stabilized by a network of hydrogen bonds.>*

R1'
y Y Y | y y 0=n<6
N N N X N N N R4 =H, OiBu, OCH3, OBn, OC;Hy,
Ry | ~ N | ~ Rz i
P 0 o) - R, =H, OiBu, OCH;, OC;H,,
R I-1 R n

R, =H, Boc, OBn, C;sH;g
1

Scheme /I-1. Representative structure of an oligopyridine dicarboxamide foldamer (OiBu: isobutoxy chains,
OCHj3: methoxy groups, OBn: benzyloxy groups, OC12H.1: dodecyloxy chains, Boc: tert—butyloxycarbonyl).

Before going into the details of this PhD work, it also appears important to explain why
the present study focuses on this family. Among the wide diversity of available building blocks
to construct helical backbones described in the literature (see Chapter 1), this skeleton was

selected given several features it displays:

= Its synthesis is well-established and described in the literature; longer oligomers are
attainable in a straightforward manner through convergent strategies;>’

= They adopt a helical conformation in their single and double helical forms, with a
moderate dimerization constant, and in most organic solvents;®12

= The ease of their characterizations in solution as well in the solid state;’

= The functionalization of such foldamers is readily accessible within the core and the
extremities;’

» They exhibit transparency in the visible range and are inactive in a wide range of

redox potentials.®

A.1l. Characterizations of single and double helices in solution

The supramolecular chemistry of oligopyridine dicarboxamide foldamers in solution is
primarily studied by *H NMR spectroscopy. When both single and double helices coexist in
solution, two sets of signals corresponding to amide protons are often observed when
conducting experiments at variable temperatures and concentrations. The observation of both
sets translates the presence of single and double helices that are in slow exchange at the NMR
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timescale. Integrating both sets of signals allows the evaluation of the dimerization constant
Kaim. It is noteworthy that the chemical shifts of the double helices are more shielded compared
to those of the single helix, because of the increased n—=n interactions between helices. In the
solid-state, the resolution of crystallographic structures sometimes provides strong evidence

for the formation of double helices.®*

To date, the studies carried out on these foldamers have shown that even small changes
in the overall structure can result in significant variations in the hybridization phenomenon.**-
7 Indeed, this process can be influenced by various internal (length of foldamer, side chains,
terminal functions) and external parameters (temperature, concentration and solvents). These
factors can greatly affect the stability of the foldamers and influence their thermodynamic and

Kinetic properties.

A.2. Effects of solvents

Solvents generally have a major influence on the supramolecular arrangements adopted
by foldamers (single or double helices), depending on their polar, protic, or aprotic natures.
Regarding the family of oligopyridine dicarboxamide, chlorinated solvents, such as chloroform,
have been proven to support the formation of double helices rather than single helical structure
due to their moderate polarity. On the contrary, the presence of polar solvents like DMSO tends
to favor the formation of single helices. Noteworthy is also the case of pyridine, which favors
the single helical state due to the n—=n interactions between the solvent molecules and the
pyridine moieties of the foldamer skeleton. Eventually, one will note that oligopyridine

dicarboxamide foldamers are generally insoluble in apolar solvents.'®

A.3. Impact of the length of foldamers

The length of foldamers can be readily adjusted by varying the number of monomers,
and increasing the chain length has a significant impact on the hybridization: the longer the
foldamer, the higher the dimerization constant.'® This length—dependent effect also influences
the kinetics of the ‘single vs double helices’ equilibrium. In the case of a heptamer, the steady
state is generally reached within minutes, whereas a tridecamer may need weeks for the

equilibrium to be established.™
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B. Tetrathiafulvalene: a singular electroactive unit

The importance of tetrathiafulvalene (TTF) in materials science emerged during
1970s.'° Since then, TTF has found applications in various fields,?° thanks to its remarkable
structural and electrochemical properties as well as its ease of functionalization.?2 TTF is an
electroactive moiety that possesses 14 = electrons. It exhibits a quasi—planar and non—-aromatic
structure in its neutral state. It can undergo reversible oxidation processes to form aromatic
radical-cations TTF"* and dication states TTF?* (Figure II-1). The oxidation potentials for these
states are typically observed at E'1, = 0.37 VV and E?12 = 0.75 V vs a standard calomel electrode
(SCE) in acetonitrile.?*

s s e s S e s S
=) - @) B¢
Tn+Tn b+ Tn 6r+ 6n

TTF TTF* TTFZ,

B PR S

Figure II-1. The three redox states of tetrathiafulvalene unit and their optimised geometries calculated at the
B3P86/6-31G** level.?*

Tetrathiafulvalene is often perceived as a planar and rigid structure, but in reality, it
exhibits a flexibility, and its conformation is determined by the interactions occurring between
its different substituents.?® The donor properties of TTF unit were initially explored in the solid
state by forming crystals through interactions with electron—deficient moieties, resulting in
charge transfer complexes. The pioneering example of a charge transfer complex was obtained
by combining TTF with TCNQ (tetracyanoquinodimethane), leading to the formation of the
first organic—based metallic conductor charge transfer complex.?6?” The crystals of the TTF—
TCNQ complex exhibit separate stacks of donors and acceptors (Figure II-2—Left)?® and the
overlapping of orbitals within each stack leads to the formation of a conduction band. However,
the conductivity of this material is limited to the direction of the stacking axis, imparting a
unidimensional nature to its conduction properties. In that, the use of an analogue of TTF,
tetramethyltetraselenafulvalene (TMTSF) has allowed the electrocrystallization of the first
superconducting salts of radical cation (Bechgaard salts)?*3 (Figure II-2—Right), which were

obtained by electrochemical oxidation of TMTSF in the presence of a supporting electrolyte.
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Figure II-2. Left. Crystallographic structures of the TTF-TCNQ complex,? Right. The (TMTSF),PF¢ Bechgaard
salt.?

B.1. Dimerization of TTF radical-cations

TTF has been highlighted for decades for its capability to establish intermolecular
interactions (n—m or sulfur—sulfur interactions) in the neutral state. Indeed, TTF units can form
very weak dimers in the neutral state. On the other hand, its particular ability to form stronger
dimers in solution upon oxidation was described more recently. Two types of oxidized dimers
have to be considered, namely pimers and z—dimers. The former ones, also called mixed—
valence dimers (TTF2)™", include two TTF units sharing a positive charge, while the second type
contains two TTF"" radical cations associated into a (TTF™")2 dimer. Considering TTF-based
dimers in the neutral state and their evolution upon a sufficiently slow increase of the redox
potential, these species will first undergo a single electron oxidation process leading to pimer
species and subsequently, a second one—electron oxidation leading to the formation of =—dimers
(TTF).. Eventually, the oxidation into TTF?* dication species will lead to the dissociation of
the dimer (Scheme 1I-2). Noteworthily, the three different redox states of TTF, as well as the
n—dimer and the mixed valence species, can be identified through UV-visible absorption

spectroscopy thanks to their distinct spectroscopic signatures. 3132

VN 3 el L) ) DWW

XX = el = 1 2= Tix

S S S
\—/ A\ =/ =/ & o &7 &
TTF TTF (TTF);™ (TTF*), TTF* TTFZ*
Neutral state Pimers m-Dimers Dications

Scheme 1I-2. Successive oxidation of TTF unit and plausible modes of interaction.

The distinct features observed along the n—dimerization of radical cations result from
the specific characteristics of this interaction.®® The overlap of singly occupied molecular
orbitals (SOMO) between the interacting monomers results in the formation of a bonding
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(HOMO) and an anti-bonding (LUMO) orbitals within the dimer. Along this process,

diamagnetic species are formed through radical pairing.

As evidenced by the teams of Mingos and McPartlin,3 as well as the Novoa and the
Miller groups,® interplanar distances between TTF™* radical cations involved in a =—dimer are
short in the solid state with values about 3.45 A. Thereby, this bond is not strictly covalent, as
the C—C distances are larger than those of a conventional C—C bond, but smaller than the sum
of van der Waals radii (3.5 + 0.5 A) for organic aromatic compounds.3336:3” On this basis, this

bond has been described as a covalent and multi—centered bond in the recent literature.3¢

The moderate interaction between TTF"" radical cations explains why the formation of
such m—dimers has mainly been observed in the solid state or in concentrated solutions.*% For
instance, it was detected at — 48 °C in ethanol (C = 1 mmoL.L™),% and its dimerization constant

was estimated to Kgim = 0.6 at 2°C in acetone (Figure 11-3).%2

Absorbance

0.0

T T T T T
400 500 600 700 800
Wavelength (nm)

Figure 71-3. Structure of the dodecamethylmethylcarba—closo—dodecarboranate cluster (CB-) and variable
temperature UV-visible absorption spectroscopy of a TTF*"CB~ (1.3 mM, acetone). Temperature (in °C, from
bottom to top at 740 nm: 20,—40,-55,—63,—70,—78,—85, and—90.%

In order to enhance the stability of the m—dimers at room temperatures, several
approaches have been explored. One possibility lies on the confinement of n—dimers within a
cavity, such as cucurbiturils** or coordination cages.*> Another strategy was employed by
chemists, who took advantage of this weak and redox—sensitive interaction to design stimuli—
responsive systems. Consequently, pre—organized structures were synthesized, enabling the

preorganization of both radical cations, and thereby facilitating their dimerization, 31434

B.2. Redox—responsive supramolecular architectures based on TTF

The reversible oxidations of TTF, along with its ability to form mixed—valence species
and n—dimers that have specific spectroscopic signatures, has led to diverse applications in
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molecular and supramolecular chemistry. In this context, TTF derivatives have shown their
potential in various classes of materials such as molecular receptors,? electroactive polymers
and dendrimers,*4®4" donor—acceptor systems,*® molecular switches,*® dynamic interlocked
systems (catenane and rotaxane)®*°! and foldamers.> To illustrate that point, and given the

wide literature on the topic, a selection of relevant examples will be briefly discussed below.

B.2.a. Rotaxane and controlled molecular motion

Rotaxanes are mechanically interlocked molecular architectures initially developed by
the group of Fraser Stoddart,>® who shared the Nobel Prize in chemistry in 2016 with Jean—
Pierre Sauvage™* and Bernard L. Feringa™ for their pioneering work on the design and synthesis
of molecular machinery. As illustrated with Figure 11-4, Stoddart and coworkers described a
remarkable tristable rotaxane featuring three stations: two of them correspond to electron-rich
moieties (dioxynaphthalene (DNP) and tetrathiafulvalene (TTF)), while the third station is the
electron—deficient viologen (V2*).>® The mobile acceptor ring cyclobis(paraquat—p—phenylene)
(CBPQT*") undergoes translational movements along the axis of the rotaxane, which depend
on the oxidation states of the stations and/or the ring. In the 6+ state, TTF and CBPQT** are
mainly associated due to their preferential interactions. The oxidation of TTF unit to the
dicationic state allows the formation of II-18*, provokes electrostatic repulsions between TTF?*
and CBPQT** cations, and leads to the motion of the CBPQT*" macrocycle towards the better
electron—donating moiety, DNP. Alternatively, when the system undergoes reduction, the
reduced ring CBPQT?*) moves towards the \V** station, which is facilitated by the pairing of

the as—formed radical cations (Figure 11-4).
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Figure II-4. Example of tristable rotaxane 7I-1 described by Stoddart group.®®

B.2.b. Conformational control in calixarenes through radical-cation dimerization
and ion recognition

Calixarenes have been employed as another supramolecular architecture to control the
orientation of TTF unit and their interactions. In this context, the behavior of a calixarene
endowed with two TTF units II-2 was described by Sallé and coworkers.3! Upon oxidation of
TTF units, mixed valence (TTF)2™" dimer and a n—dimer (TTF™), were formed (Figure II-5).
To study the formation of these species in solution, a titration with the Na* cation was performed
and followed by cyclic voltammetry and spectroelectrochemistry. In this manner, it was shown
that the Na* cation is trapped by the eight oxygen atoms, which leads to a conformational
change and hence, to the subsequent dissociation of the dimers. This was evidenced by the
disappearance of the absorption bands corresponding to the mixed valence species and n—

dimers (1750 and 765 nm, respectively).
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Figure /I-5. a) Structure of the calix[4]arene functionalized with two TTF units 7I-2 and representation of the
interaction between TTF units depending on the redox state and/or the presence of Na* ions, b) Evolution of the
voltammogram of 77-2 (0.5 mmol.L™t, DCM/ACN; 0.1 M n-BusNPFs, Pt, v =100 mV.s* vs. AgCI/Ag) in the
presence of n equivalents of Na* cation, c) Absorption spectra in the presence of increasing amounts of oxidizing
agent NOSbF¢ d) Spectroelectrochemistry in thin layer (d =~ 50 um); conditions (Pt, =2 mm); [11-2] = 0.75
mM in CH,Cl,/CH3CN (1/1), BusNPFs (0.2 mol.L™), scan rate 0.125 mV s 2.3

B.2.c. Supramolecular macrocyclization through radical pairing

The previous examples involve the preorganization of TTF units and their oxidized
derivatives within a single molecule. In contrast, the dimerization of radical cations of TTF may
serve as a valuable interaction to drive the formation of multi-component systems. The case of
short oligoarylamides TI-3 and I1-4, which include three pyridyl rings and are functionalized
with two tetrathiafulvalene units, is particularly relevant to discuss this possibility. As
demonstrated by Z.—T. Li and coworkers,*’ the oxidation of the TTF units to the radical cation
state may lead to two types of arrangements (Scheme II-3), depending on the intra— or
intermolecular nature of the interactions between TTF™ units. In non—polar solvents, such as
dichloromethane, intramolecular dimer (TTF™), was favored with an estimated association
constant K, of 1.0 x 10*and 9.7 x 103 for 1I-3 and ITI-4, respectively. When shifting to more
polar solvents, intermolecular interactions between oxidized TTF units were favored, leading
to the formation of supramolecular macrocycle with an estimated dimerization constant Kgim =
5.9 x 102 for I1I-3 (CH2CIl2/CH3CN 1/1).
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Scheme II-3. Structures of II-3 and II-4, and the intramolecular and intermolecular interactions modes.>’

B.3. Hybridization of foldamers based TTF

In our group, the concept of “redox—controlled hybridization of foldamers” was first
investigated during the thesis of Dr Lara Faour.! To do so, TTF units were grafted on an
oligoarylamide foldamer containing five pyridyl rings through copper—catalyzed cycloaddition
chemistry (CuAAC — Figure 1I-6). In the neutral state, foldamer II-5 hybridizes with a
moderate dimerization constant, while the oxidation of TTF units increases by two order of
magnitude the dimerization constant (Kgim(I1-5)22") = 10% x Kgim(II-5)2) thanks to the radical
dimerization process.>® As a consequence, the m—dimer species were observed at concentrations
down to 5 x 10°M at room temperature thanks to their specific absorption band at A = 770 nm.
This example actually constituted a proof—of—concept to build the RECHERCHE ANR project,
which funded my PhD fellowship.
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Figure 71-6. Structure of foldamer II-5, and schematic representation of the equilibria in its neutral and
oxidized states with their relation dimerization constants.%®
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I1. Results and discussions
A. Design

As mentioned in paragraph 8I.A oligopyridine dicarboxamides were selected for
numerous reasons. For such a skeleton, the length of the strand represents a critical parameter
to control the hybridization equilibrium. The foldamer skeleton should have a moderate length:
1) not too long, in order to preserve the dynamics between the single and double helices in
solution and to avoid extremely high dimerization constants that would preclude any control of
the hybridization equilibrium, 2) not too short, in order to guarantee helical conformations and
exclude the possibility of obtaining non helical species (as for the case of the pyrene—based
foldamer,® which was reported by our group). This is the reason why an oligopyridine
dicarboxamide foldamer containing seven pyridyl moieties was selected. Such a structure is
likely to display a moderate dimerization constant and helical conformations, be that in the

single or the double helical state.®

Isobutoxy moieties have been chosen as side chains since former studies led by the
group® showed that 1) oligopyridine dicarboxamide foldamers devoid of side chains showed
poor solubility in common organic solvents, 2) introducing long alkyl chains (e.g. n—
dodecyloxy chains) led to significantly enhanced solubilities but poor propensity to
crystallisation. On the contrary, isobutoxy chains provided sufficient solubility, which
facilitates the characterisations in the solution phase, and crystallinity, which definitely made
simpler the analyses in the solid state. Eventually, one will also note that introducing alkoxy
chains leads to an increased electron density on the helical backbone and hence, to significantly

higher, but reasonable, dimerization constants.#60.61

As evidenced through 81.B.2, the tetrathiafulvalene electroactive unit constitutes a
relevant choice to drive the hybridization through redox stimulations and follow its redox and
supramolecular state through UV-vis—NIR absorption spectroscopy thanks to its distinct

spectroscopic signatures.

Lastly, we selected a rigid and short linker, an amide connector, between the foldamer
skeleton and the electroactive units in order to maximise the impact of redox stimulations on
the hybridization equilibrium. Multiple tests had been carried out by Dr Lara Faour during her
thesis to synthesize such a foldamer, in vain.! In this context, foldamer A was defined as a first

target molecule; its retrosynthetic scheme is represented below (Scheme I1-4). The synthesis of
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foldamer A involves the preparation of the precursors II-12 and II-17. The crucial step in this

synthetic scheme consists in grafting the TTF units on amine I1-14.
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Scheme 4. Retrosynthetic scheme of foldamer A.

A.1. Synthesis of precursors

The synthesis of foldamer A started with an esterification reaction of chelidamic acid to
give compound 11-6 (Y = 71 %), based on a previously described protocol.5? The following
step allowed the introduction of solubilizing alkoxy chains through nucleophilic substitution
(Scheme II-5). This was achieved by reacting diester II-6 with 1-iodo—2—methylpropane in
DMF in the presence of potassium carbonate to give diester II-7 with a 60 % yield. Diester 11—
7 was subsequently converted into mono-acid II-8 or diacid II-9. The mono-saponification
reaction was performed in the presence of one equivalent of sodium hydroxide in methanol.
The corresponding sodium carboxylate was isolated and subsequently protonated in acidic
medium (HCI, 1 M). In this manner, carboxylic acid II-8 was isolated with a 75 % yield, which
appears particularly good considering the presence of two ester functions within Il —7. In
parallel, diacid II-9 was quantitatively obtained from diester I1-7 after treatment with excess
potassium hydroxide and acidification.
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Scheme II-5. Synthesis of precursors II-8 and I1-9.

A.2. Preparation of diamine II-12

Diacid II-9 was subsequently used to prepare the central sequence of the skeleton
through two simultaneous amide—coupling reactions (Scheme I1-6). In principle, this could
have been achieved by reacting diacid II-9 and an excess of 2,6-diaminopyridine.
Nevertheless, a mono—protection reaction was conducted on 2,6—-diaminopyridine to improve
the yield and selectivity of this reaction and to avoid the formation of longer oligomers. This
was led by using di—tert—butyl dicarbonate in THF and afforded tert—butyl (6—aminopyridin—
2-yl)carbamate II-10 with a 61 % yield. The carboxylic acid functions of II-9 were then
activated by using oxalyl chloride and a catalytic amount of DMF under inert atmosphere. The
subsequent addition—elimination of two equivalents of II-10 in the presence of DIPEA allowed
for isolating biscarbamate II-11 with a particularly good yield (81 %). The desired diamine
precursor TI-12 was finally obtained by deprotecting amine functions with trifluororoacetic

acid TFA in a quantitative manner (Scheme 11-6).*®
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Scheme 1I-6. Synthesis of precursors 71-10 and 71-12.

A.3. Synthesis of amine 11-14

The peripheral component II-13 was designed by coupling mono-acid II-8 to the

protected 2,6-diaminopyridine II-10, using the same coupling reagent and protocol employed
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for constructing the central segment II-12, with a high yield of 90 % (Scheme II-7). This
intermediate is unique because it can be deprotected on both sides to give an amine or a
carboxylic acid, which can then react with complementary functionalities and extend the
skeleton on both sides. Once compound I1-13 synthesized, it was converted to amine I1-14 by

using TFA to yield I1-14 quantitatively.
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Scheme II-7. Synthesis of amine II-14.

A.4. Synthesis of carboxytetrathiafulvalene 11-15

The synthesis of carboxyTTF was led according to the protocol described by Garin and
coworkers.®® After an acid—base reaction involving TTF and lithium diisopropylamide (LDA)
in anhydrous diethyl ether at —78°C, carbon dioxide (gas) was introduced to form the
corresponding carboxylate, which was finally protonated in aqueous medium (Y = 90 %) to
give carboxyTTF II-15 (Scheme I1-8).

1) LDA 1M THF/hexane
2)co, H'/H,0

-78°C, Ar

Anhydrous Et,0

TTF 115

Scheme I1-8. Synthesis of carboxyTTF II-15.

A.5. Incorporating the TTF unit at the outer segment

The coupling between carboxyTTF II-15 and compound I1-14 represents a key step in
the synthesis, which turned out to be quite challenging! Various types of activating agents were
employed in order to form the desired amide linker. Multiple tests have been conducted by
employing the standard carboxylic acid activation reagents, namely oxalyl chloride and thionyl
chloride in various solvents such as dichloromethane, chloroform and tetrahydrofuran, with and
without heating (30°C). However, the desired product could not be obtained in such conditions.
Considering these results and the sensitivity of TTF to acidic conditions, Ghosez reagent (1—
chloro—N,N,2-trimethyl-1-propenylamine) was selected as an activating reagent to convert the
carboxylic acid function to an acid chloride one, ensuring the absence of hydrogen chloride
release.®* To do so, carboxyTTF II-15 was dissolved in dry dichloromethane and Ghosez
reagent (6 equivalents) was added under argon atmosphere. The corresponding acid chloride

was obtained by evaporating the solvent under reduced pressure and anhydrous tetrahydrofuran
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was introduced. The corresponding solution was added to a mixture of compound II-14 and
dry DIPEA, resulting in a 22 % vyield of the expected compound II-16 (Scheme I1-9).

cl
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overnight Quantitative
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Scheme 1I-9. Synthesis of block II-17.

Given this first achievement, we tried to improve the yield of this reaction by testing
other mild activating agents. In this context, acid II-15 was converted into the corresponding
O-acylurea intermediate by using dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyridine (DMAP) under argon atmosphere in anhydrous dichloromethane.®®
Then, the activated species underwent an addition—elimination reaction with amine I1-14, to
afford amide II-16 with a significantly increased yield of 53 %. The purification of this
compound caused difficulties due to the extremely low solubility of this intermediate, which
may be responsible for this moderate yield. Nevertheless, amide II-16 could be isolated at a
200 mg scale, which further allowed its saponification using lithium hydroxide to give

carboxylic acid II-17 with a quantitative yield.

A.6. Synthesis of compound 11-18

By analogy to compound II-16, amide II-18 was synthesized by peptidic coupling
between carboxyTTF II-15 and protected diaminopyridine I1-10 by using DCC and DMAP
with a 52 % vyield (Scheme 11-10). This compound will serve as reference for subsequent

characterizations.

1) DCC/DMAP
0°C, 40 min H H
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2) 11-10, dry DCM o
RT, 12h
10 52 % I-18

Scheme /I-10. Synthesis of reference compound 77-18.

A.7. Synthesising target foldamer A

The final step of this synthesis involves diamine Il —12 and carboxylic acid 11 -17.
Given the presence of the acid—sensitive TTF unit in 11 =17, Ghosez reagent appeared as a
relevant choice to prepare target foldamer A. While dichloromethane was found to be unsuitable

for this coupling, the highest yield was calculated when carrying out the reaction in anhydrous
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THF (42 mg— 37% — Scheme 11-11). The purification of foldamer A also proved challenging:
multiple attempts using silica gel chromatography and crystallization were ineffective to
separate the mono—adduct from the bis—adduct. Actually, we had to employ a recycling size
exclusion and high—performance liquid chromatography (recycling SEC-HPLC,— eluent:

chloroform) to achieve this separation successfully.
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Scheme 7I-11. Synthesis of foldamer A.

Eventually, one will note that another type of activating reagent was tested (DCC and
DMAP), and although the desired product was detected by mass spectrometry, its isolation

could not be achieved because of an extremely low yield.

B. Solid—state analysis of foldamer A
B.1. Analysis at the molecular level

Monocrystals of foldamer A were successfully obtained from solvents of diverse
polarities, including dimethylsulfoxide, and dimethylformamide through crystallization, as well
as tetrahydrofuran, chloroform and a mixture of chloroform and methanol through slow
evaporation. All the crystallographic structures evidence a single helical secondary structure,
which correlates with this family of oligopyridine dicarboxamide foldamer.® In all cases, the
stability of the helix is maintained by a network of intramolecular hydrogen bonds formed
between the NH protons of the amide functions and the nitrogen atom of the pyridine units,
with bonds length ranging from 2.19 to 2.45 A (pale blue dotted lines— Figure II-7).
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Figure 7I-7. Chemical structure representing the folding mode by intramolecular hydrogen bonds, the
corresponding crystallographic structure and the NH-N intramolecular hydrogen bonds (isobutoxy side chains
are omitted for clarity for all the crystallographic structures).

In the five crystallographic structures, TTF units are part of the helix, which is in sharp
contrast with the crystallographic structure of foldamer II-5 (see chemical structure §1.B.3):®
in the case of 11-5, triazole rings are quasi—perpendicular to the helical structure and TTF units
do not interact with the foldamer skeleton (Figure I11-8); on the contrary, short TTF—skeleton
distances were measured in all cases for foldamer A (below 4 A). Thereby, the helical pitch

will be defined as the distance between TTF unit and the fourth pyridine unit within the

\

foldamer skeleton.

Figure 11-8. Crystallographic structure of foldamer 7I-5 that includes triazole—containing linkers.

Considering the structures obtained from DMSO, DMF, THF and CHCls, the helical
pitch is calculated based on the internal cycle of the TTF unit, which is adjacent to the amide

function and the values are 3.56, 3.59, 3.66 and 3.52 A, respectively. The situation appeared

73



Chapter 2. Redox-triggered hybridization into homoduplexes

different for the structure obtained from a mixture of CHCIls/MeOH. Indeed, both cycles of the
TTF units are involved in the helical structure and defined a helix pitch of 3.57 A (Figure II—
9).

The folding into a single helix also promotes the appearance of an elliptical cavity with
approximate dimensions 8 A x 5.5 A in all structures. The orientation of amide protons to the

center contributes to the overall polarity of the cavity, which permits interactions with polar

molecules.
DMSO DMF
\ . [ \
Tty
V-\\\_*‘- "V/a:s‘ ——
356 A < —— <_—\_—

THF CHCIs

352A

CHCl3/MeOH
- l‘w\
*—..—i_\\k 357A

Figure 11-9. The five X—ray structures obtained of foldamer A in the solid state in five different solvents as single
helix form.
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Upon examining the crystallographic structures, we observed that the orientation of TTF
units are different and that these units deviate from planarity in some cases. These observations
and differences detected between the structures support the need for a separate discussion on
the packing within the crystal lattice for each structure. For the subsequent discussion, we
defined the cycles of TTF unit as external and internal (adjacent to the amide functions) cycles.
Since foldamer A exhibits a chiral structure due to its helical conformation and since is does
not include chiral centers, solutions of A contains equal amounts of M (left-handed) and P
(right-handed) helices. Thereby, M and P helices systematically co—crystallized in a head-to
tail fashion. Figure 1I-9 shows four examples for M helices in DMSO, THF, CHCIs and

CHCI3/MeOH and one example for a P helical conformation in DMF.
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Scheme -12. Structure of foldamer A with the protons, the oxygen and the sulfur atoms numbered to facilitate
further interpretations.

B.2. Impact of the solvent on the packing of foldamer A
B.2.a. Crystallization from DMSO

The crystallographic structure obtained from monocrystals grown by crystallization in
DMSO revealed the presence of one water and two DMSO molecules in the polar cavity of the
helix (Figure I1-10). The water molecule acts as hydrogen bond donor, forming hydrogen bonds
between its hydrogen atoms and the nitrogen atoms of the pyridine units. It also acts as hydrogen
bond acceptor, since an interaction is observed between its oxygen atom and the protons of
amide functions connected to the central pyridine ring. In addition, the oxygen atom of the
sulfoxide function of DMSO interacts with the protons of amide function (H (e), H (g), H (h)
and H (k)) through intermolecular hydrogen bonds.
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\ Internal  External
Cycle Cycle

Figure 7I-10. X—ray structure of foldamer A obtained by crystallization in DMSO. A water molecule and two
DMSO molecules are in the cavity of the helix. The packing in the lattice viewed form a axis (left), b axis (right).

While it is generally known that TTF units are planar and rigid, there can be exceptions
where TTF units undergo substantial non—planarity. In this crystal structure and along the b
axis, it appears that one TTF unit deviates from planarity by 30°, while the second one remains
planar (Figure 1I-11). At this stage, one will note that S-S (16) intermolecular interactions were
detected between planar TTF units with a value of 3.65 A (violet dotted lines), while no S-S

interaction was evidenced for non—planar units (Figure 1I-11).

Three observations may deserve attention to explain the distortion phenomenon: 1) a
hydrogen bond (2.47 A, blue dotted lines) is set up between the hydrogen atom H (b) of the
external 1,3—dithiole cycle of TTF and the oxygen of the carbonyl group (4) of an adjacent
helix; 2) this oxygen atom (4) is also engaged in intermolecular hydrogen bonds (2.36 A, green
dotted lines) with the H (n) hydrogen atom of a neighbouring planar TTF unit; 3) CH-=«
interactions also occurred between the H (c) hydrogen atom of a distorted TTF and the external
cycle of a planar TTF unit from an adjacent helix (3.35 A, which corresponds to a strong CH—
7 interaction — dotted orange lines). Thereby, this crystallographic structure shows that these
hydrogen bonds differ by the relative orientation of TTF C-H bonds with regard to the
complementary carbonyl functions: no distortion is observed when the 1,3—dithiole ring and the
carbonyl function are in the same plan, while distorted TTF units involve interactions between

rings and carbonyl functions that do not belong to the same plan.
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H(b)-0(4) 2.47A
CH(c)-r 3.35A
S(16)-S(16)  3.65A
H(n)-0(4) 2.36A

Figure 7/-11. Packing of foldamer A in the lattice: hydrogen bonds 2.47 A (blue dotted lines) and 2.36 A (green
dotted lines), CH—x interactions 3.35 A (orange dotted lines) and S-S contacts 3.65 A (violet dotted lines).

B.2.b. Crystallization from DMF

The crystallographic structures obtained from crystals grown in DMF and DMSO have
similarities: the monoclinic crystal system is the same, and one water molecule and two solvent
molecules, which interact with the foldamer skeleton through hydrogen bonds, are detected
within the cavity (Figure 1I-12). Considering the planarity of TTF units, both deviate from
planarity with a value of 12.43° (containing H (m) and H (n)) and 15.86° (containing H (b) and
H (c)), which is clearly less pronounced than in DMSO.

Figure 1I-12. X—ray structure of foldamer A obtained from crystallization from DMF containing one molecule
H>0 and two molecules of DMF.
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The arrangement of the single helices in the solid state in DMF differs from the structure
observed in DMSO. In this packing (Figure 1I-13), a hydrogen bond with a length of 2.23 A
(blue dotted lines) occurs between the hydrogen atom H (n) and the oxygen atom O (7) of the
amide function. This hydrogen bond takes place between neighbouring M helices within the
adjacent columns. Two distinct CH—r interactions have been observed in the packing. The first
interaction involves the hydrogen atom H (m) of a TTF unit from P helices, which interacts
with the external cycle of another TTF unit (containing H (a) and H (b)) from the neighbouring
M helices in different columns. This interaction is characterized by a distance of 3.96 A (orange
dotted lines). The second CH—x interaction, with a length of 3.86 A (green dotted lines) takes
place between H (n) of TTF units in the M helices and the second pyridine units of the foldamer
skeleton in the P helices. These CH—r interactions occur between the M and P helices within
the same column. Furthermore, n—n stacking interactions were observed between the foldamer
skeletons. Specifically, a stacking distance of 3.78 A was detected between the second pyridyl
monomers of the P helices and the first pyridyl units of the M helices. These aromatic
interactions occur between helices from different columns (violet dotted lines). Herein, no S-S

contact was observed.

H(n)-0(7) 2.23A

CH(m)-Tr 3.96 A

CH(n)-1r 2 86 A
CHin)-m 2.00 A

Figure 7/-13. Packing of foldamer A in the lattice: hydrogen bonds 2.23 A (blue dotted lines), CH-z interactions
3.96 A (orange dotted lines) and CH—z 3.86 A (green dotted lines) and z—z contacts 3.78 A (violet dotted lines).
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B.2.c. Slow evaporation from THF

The monocrystals obtained by slow evaporation of THF also revealed the presence of a
single helical structure for foldamer A containing two water molecules in its cavity (Figure 11—
14). The TTF units were found to be slightly tilted in comparison to the foldamer skeleton. The
orientation of TTF units can be explained by investigating their arrangement within the lattice.

Figure 1I-14. X—ray structure of foldamer A obtained by slow evaporation from THF containing two water
molecules.

At first glance, the observation of the crystallographic structure along the b axis revealed
that TTF units are not coplanar to the neighbouring pyridyl units that constitute the foldamer
skeleton. This deviation can be attributed to the presence of strong hydrogen bonds, measuring
2.35 and 2.43 A, between the hydrogen atoms of the first cycle of TTF units H (a), H (i) and
the oxygen atoms O (6) and O (3) of the amide function of the adjacent helices, respectively
(indicated by red and dark green dotted lines — Figure 1I-15). This type of intermolecular
hydrogen bond was not observed in the previous structures, where the TTF units were in the

same plane as the foldamer skeleton.
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Figure 7/-15. Packing of foldamer A in the lattice (direction b axis): hydrogen bonds 2.30 A (blue dotted lines),
2.34 A (green dotted lines), 2.38 A (orange dotted lines), 2.40 A (purple dotted lines), S-S contact 3.72 A (violet
dotted lines).

Furthermore, the other hydrogen atoms of both TTF units were involved in hydrogen
bonds with the oxygen atoms of adjacent helices: 1) H (b) with O (7) d = 2.40 A (purple dotted
lines), 2) H (c) with O (4) d = 2.38 A (orange dotted lines), 3) H (n) with O (5) d = 2.40 A
(green dotted lines), 4) H (m) with O (2) d = 2.30 A (blue dotted lines). Note that all these
intermolecular hydrogen bonds took place between the hydrogen atoms of M helices and the
oxygen atoms of P helices, and vice versa. Additionally, S-S contacts were observed between
S (11) of the M helices and S (16) of the P helices with a length value of 3.72 A (violet dotted

lines — Figure 11-16). CH-= interactions could not be evidenced in this structure.
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Figure 7/-16. Packing of foldamer A in the lattice (direction axis c): hydrogen bonds 2.35 A (dark green dotted
lines) 2.43 A (red dotted lines).

B.2.d. Slow evaporation from CHCI3

The slow evaporation of a chloroform solution of foldamer A allowed the formation of
single crystals. These were studied by X-ray diffraction analyses, which showed once again the
crystallization of the single helical form. In the solid state, helices are organized in a head to
tail fashion (Figure I1-17). Though the resolution of the obtained crystals was insufficient to
reach a sufficient spatial resolution, electroactive units do seem to interact with the foldamer
skeleton. New crystals are currently being grown to perform a proper resolution of this

crystallographic structure.
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S-S 3.86A |

S-S 3.83A

Figure /I-17. Part of the packing of foldamer A in the lattice: S—S contact 3.83, 3.86, 3.88, and 3.90 A between S
(11) and S (16) (green, violet, orange and blue dotted lines, respectively).

B.2.e. Structure from a mixture of CHCIls/MeOH

In the polar cavity of this single helix (Figure 11-18), three methanol molecules were
found and involved into hydrogen bonds. The main difference between this structure and the
others relies on the orientation of the TTF units. This may be attributed to the positioning of the
hydrogen atoms in the internal cycle of TTF units (H (a) and H (1)), which are oriented towards
the external side of the cavity, while the H (a) and H (l) protons are oriented towards the center
of the cavity in the above-mentioned crystallographic structures. These hydrogen atoms
participate to intramolecular hydrogen bonding with the adjacent amide oxygen atoms (O (1)).
The presence of this hydrogen bond may influence the orientation of TTF units and promote
contact between the external cycle of TTF and the foldamer skeleton, which induces a deviation
from planarity of 25.74°. The hydrogen atom (a) of non-planar TTF is involved in
intermolecular hydrogen bond (2.45 A — orange dotted lines) with an oxygen (3) of the adjacent
helix in the packing (P helices). The H (c) proton of the P helices is involved in hydrogen bonds
(2.31 A) with O (8) of the M helices (blue dotted lines) and H (n) with O (6) 2.48 A (green
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dotted lines) between P helices. In this case, no intermolecular S-S interaction could be
highlighted.

N \
{ \\\
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H(c)-0(8) \WA\i\;h\T\%‘\..\\
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Figure 1/-18. Up. X—ray structure of foldamer A obtained from slow evaporation from a mixture of
CHCI3s/MeOH as single helix. The cavity contains three methanol molecules. Down. Packing of foldamer A in
the lattice: hydrogen bonds 2.31 A (blue dotted lines) and 2.48 A (green dotted lines), 2.45 A (orange dotted
lines).

B.3. Solid state analysis of compound of I11-16

Compound II-16, which served as a reference, includes a TTF unit as well as two
pyridyl rings. Consequently, II-16 cannot fold to form helical structures. This molecule
crystallized in the triclinic P-1 space group by crystallization in DMSO (Figure 11-19). The
crystallographic structure highlighted the formation of a pseudo—cavity involving two pyridyl
units interacting through hydrogen bonds. A DMSO molecule was also found to interact with

the compound through hydrogen bonding. These molecules organize in the lattice in a head-
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to—tail fashion. It is noteworthy that all four sulfur atoms were involved into S-S interactions
(3.91 A). Additionally, H (b) was involved in hydrogen bond with a value of 2.32 A with the

oxygen atom O (2) of the amide function of the adjacent molecule.
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Figure II-19. X—ray structure of 7I-18 and the packing in the lattice showing S-S contacts 3.9 A (violet dotted
lines) and hydrogen bonds 2.32 A (blue dotted lines).

C. Analysis of foldamer A in solution in the neutral state

C.1. Characterization of single and double helices and determination
of the dimerization constant

The most commonly used technique for the characterization of single and double helices
is TH NMR spectroscopy. Since these species are most often in slow equilibrium at the NMR
timescale, two distinct series of signals can be observed for amide and sometimes aromatic
protons. The integration of the signals can be used to determine the dimerization constant Kgim

following the equation:

=1+ T+ 8KyimC;
4‘Kdim

[M] = concentration of simple helix, C; = [M] + 2[D] (total concentration in

foldamer), [D] = concentration of double helix

In order to assess this dimerization constant in a rigorous manner, dilution experiments
are generally led to determine the proportions of single and double helices at different

concentrations. In this manner, one can perform a non-linear regression analysis using the
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above-mentioned equation and estimate the dimerization constant, on condition that the

thermodynamic equilibrium is reached.

C.2. Impact of solvent composition on solutions of foldamer A

In general, the conformation of foldamers in solution is influenced by the nature of
solvent. However, oligopyridine dicarboxamide foldamers maintain a robust helical
conformation in solution, which is not affected by the solvent nature.®® However, the solvent

properties significantly affect the hybridization equilibrium in most cases.

C.2.a. 'H NMR analysis of foldamer A in different solvents

Given the complexity of the structure, an interpretation of the *H NMR spectrum in
DMSO-de will be given firstly to assign all the signals. This polar and hydrogen bond acceptor
solvent is actually known to favor the single helical state. This was further confirmed in the
case of foldamer A, since a single set of signals was observed. In these conditions, foldamer A
displays a symmetric structure that helps assigning the four signals of the eight amide protons
(10.47, 10.44, 10.35 and 10.27 ppm at 7 mmol.L ™ — Figure 11-20). This attribution was assisted
through 2D NMR spectroscopy (*H COSY and H NOESY).
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Figure 11-20. Chemical structure of foldamer A and detailed *H NMR spectrum of foldamer A in DMSO.
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In order to explore the influence of solvents on the behavior of foldamer A in solution,
'H NMR spectra were recorded in six different solvents selected for their more or less polar
features, and their protic or aprotic nature. These analyses were conducted at a concentration of
4 mmol.L™* (due to its moderate solubility), at room temperature and using a 500 MHz Bruker
(Figure 11I-21). A single set of signals was systematically observed for amide protons, which
are deshielded. These signals are comparable to those detected in DMSO—ds, which indicates
that foldamer A adopts a single helical state and this, whatever the solvent under consideration.
One will note that this observation may correlate with the single helical structures that were
systematically obtained in the solid state, though crystallization experiments were attempted in

a variety of solvents and conditions.
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Figure 71-21. *H NMR spectra of foldamer A in various solvents: blue circles correspond to the amide protons
and orange circles correspond to the TTF protons (4 mM, 298 K, 500 MHz).

C.2.b. 'H NMR analysis of foldamer A in deuterated chloroform

Chloroform is well-known for studying the hybridization equilibrium of oligopyridine
dicarboxamide foldamers.'®8¢6” This prompted us to perform a variable—concentration 'H
NMR experiment in deuterated chloroform. Due to the moderate solubility of foldamer A, the
maximum concentration that could be reached was 5.2 mmol.L™t. The corresponding spectra
revealed the presence of a single set of signals at relatively high chemical shifts, and

consequently suggest the absence of double helical structures in solution (Figure 11-22).
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Figure 71-22. *H NMR spectra of foldamer A at different concentrations: blue circles correspond to the amide
protons and orange circles correspond to the TTF protons (CDCls, 298 K, 300 MHz).

The behavior of foldamer A was unexpected because its analogue containing isobutoxy
chains and lacking electroactive units II-19 (Scheme I1-13) exhibits a high solubility and a
significant dimerization constant (31 x 10% in CDCls at 20°C).!® On the other hand, when
compared to I1I-20,* which displays the same skeleton and linkers with a different functional
unit (i.e. Disperse red), the latter showed a remarkably high solubility in chlorinated solvents
and a moderate dimerization constant (126 = 3, CDCls, 298 K). In this case, signals
corresponding to double helices could be observed at concentrations down to 0.5 mmol.L™2.
Furthermore, an X-ray crystal structure of the double helix (11-20). was obtained in different
mixtures, and notably in a DMSO/ACN mixture, despite the presence of DMSO that tends to
dissociate double helices.
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Scheme I7-13. Chemical structures of foldamers II-19 and II-20.
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Based on these observations, two hypotheses were envisaged:

1) Foldamer A displays such a strong hybridization ability that the signals of single
helices are not observed, even at low concentrations;

2) The single set of signals is attributed to the single helical structures; the nature of
the linker and/or the electroactive unit stabilizes the single helical state and prevents
the hybridization process. This unexpected supramolecular behavior prompted us to

perform various complementary experiments, which are discussed below.

C.3. Influence of the temperature

Temperature constitutes an external parameter, which can affect the hybridization, like
solvents and concentrations.? The above—mentioned analyses (dilution) were conducted using
a Bruker 300 MHz spectrometer. To account for the possibility of fast exchange and in order to
improve the resolution of low concentration solutions, the following *H NMR spectra were

recorded using a Bruker 500 MHz spectrometer.

The *H NMR spectra recorded in CDCls at 5.2 mmol.L! as a function of temperature
(Figure 11-23) showed the presence of a single set of signals for the amide protons at low (273
K) and high temperatures (323 K). Consequently, one can conclude that the composition of the
medium does not change. Since double helices of these types of foldamers are known to
dissociate at high temperatures because of weakened inter—strand interactions,? it seems rather
reasonable to assign those signals to single helical species. Moreover, the signals of TTF
protons are neither upfield or downfield shifted, indicating the absence of interactions involving

the electroactive units.
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Figure 71-23. *H NMR spectra of foldamer A at different temperatures (5.2 mM, CDCls, 500 MHz).

On the other hand, the slight variation in the chemical shift observed for amide signals
could be attributed to conformational changes in solution upon heating or to weaker interactions

with water molecules at high temperatures.

C.4. Effect of anions on foldamer A

As discussed in the first chapter, the family of oligoarylamides exhibits recognition
abilities. The corresponding recognition process can occur within their cavity, where small
guests, such as anions, cations and neutral molecules, can be accommodated. In our case, this
assertion is further supported by crystallographic structures that reveal the presence of

molecules, such as water or solvent molecules bound through hydrogen bonds.

Along the preparation of her PhD, Dr Lara Faour performed a series of experiments on
oligopyridine dicarboxamide functionalized with photoactive units, using different types of
anions, to investigate the effect of these guests on the hybridization phenomenon. She
demonstrated that upon adding halide anions, the equilibrium between single and double helices
was shifted towards the formation of single helices. This is due to the fact that the complexation
process between the single helix and the anions is favored. The first equilibrium between single
and double helices was found to be slow at the NMR timescale, whereas the equilibrium
between a single helix, anions and the complex formed among them was fast. Conversely, no

complexation was detected between double helices and anions.!
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Based on these results, the titration with anions appeared as a viable approach to
determine the nature of the single set of signals observed for the amide protons. Upon titration
of foldamer A with tetrabutylammonium chloride (Figure 11-24), the signals corresponding to
amide protons were progressively downfield shifted and no second set of signals appeared. This
indicates the occurrence of a fast exchange at the NMR timescale, which is characteristic of the
anion-single helix association. Our attempts to fit the experimental data to the mathematical
model corresponding to a 1:1 stoichiometry failed, which indicates that this stoichiometry can
be ruled out. Instead, a reasonable agreement was found when fitting the data to a 1:2
stoichiometry model. The collected dataset was not sufficient to properly estimate the
equilibrium constants K1 and Ko. However, it appears reasonable to state that the overall binding
constant p = K1 x K is comprised between 10* and 10°.
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Figure 1I-24. Left. *H NMR spectra of foldamer A (1 mM) in CDClIj titrated with a solution of n—-BusNCI (50
mM, 298 K, 500 MHz) containing A (1 mM). Right. Evolution of the chemical shift of an amide proton (do = 7.20
ppm) as a function of the concentration of chloride ions and the corresponding fit (1:2 stoichiometry).

C.5. Effect of acceptors on donor TTF

As evidenced by the analyses led in solution and in the solid state, the single helix of
foldamer A exhibits a high stability, which hinders its ability to hybridize. At this stage, we
suspected that strong aromatic interactions between TTF and the foldamer skeleton take place.
Thus, employing a competitive interaction to weaken the single helical state and favor
hybridization appeared relevant. Since TTF is known for forming charge transfer complexes
with electron—deficient derivatives such as NDI,%8-7% and TCNQ, two solutions of foldamer A
(1 mmol.L 1) in CDCI5 were titrated with a solution of N,N—dimethylnaphthalene diimide (NDI)
and tetracyanoquinodimethane TCNQ, respectively. The experiments were followed by 'H
NMR spectroscopy (CDClIs, [A] = 1 mM, Figure 11-25). Unfortunately, the chemical shifts of
TTF protons (6.25 ppm), NDI protons (8.72 ppm) and TCNQ (7.55 ppm) remained unchanged
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in these conditions, even in the presence of eight and ten equivalent of the acceptors (limit of
solubility). One should also note that no color change was observed upon adding NDI or TCNQ,
which also translates the absence of interaction.
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Figure 17-25. Titration of foldamer A (1 mM, CDCls, 298 K, 300 MHz) with acceptors NDI and TCNQ
containing A (1 mM).

In conclusion, foldamer A definitely shows a singular behavior in comparison to other
oligomers from the same family. As evidenced by *H NMR spectroscopy, it does not hybridize
into duplexes, suggesting that it may be kinetically trapped. Our inability to obtain crystals from
the duplex, as well as the obtaining of five crystallographic structures of single helices are in
line with this assertion. Moreover, the X-ray diffraction analyses showed systematic aromatic
interactions between the TTF units and the foldamer backbone. This is likely to lead to the
occurrence of a high energetical barrier preventing the interconversion between single and
double helices. In this context, the temperature sensitivity of the TTF—based foldamer
constituted a limit to surpass the corresponding activation energy. This behavior appears
facilitated by the short amide linker that directs the orientation of the TTF unit and makes the
latter part of the helical structure. All these effects combined render this foldamer unable to
hybridize in the neutral state.

D. Electrochemical analyses

All the analyses conducted on foldamer A have confirmed its single helical state, when
TTF units are in the neutral state. In this section, we will examine the electrochemical behavior

of TTF unit in order to assess its impact on the hybridization phenomenon.
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D.1. Choice of the electrolyte

As mentioned previously, foldamers may interact with certain anions within their cavity.
Therefore, when selecting an electrolyte, it is important to avoid anions that can readily react
with the foldamer cavity. In organic solvents, the most common electrolyte is n—
tetrabutylammonium hexafluorophosphate (n—BusNPFg). A titration of foldamer A (Figure 11—
26) with a solution of n—BusNPFs was performed to confirm that the anion does not interact
within the cavity of the foldamer. All the proton signals remained unaffected during this

titration, which further supports the selection of n—BusNPFs as the suitable electrolyte.
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Figure 71-26. *'H NMR spectra of foldamer A (1 mM) in CDCls titrated with a solution of n—BusNPFs (120 mM,
298 K, 300 MHz).

D.2. Choice of the solvents and concentrations

In order to facilitate the comparison with its neutral state, the initial voltammetry
analyses were performed in chloroform. Under these conditions, foldamer A exhibits an
adsorption phenomenon onto the electrode surface upon oxidation of the TTF units to the
dicationic state. To prevent this adsorption, the study was subsequently conducted in a mixture
of chloroform and acetonitrile (1/1 (v/v)). Due the limited solubility of foldamer A, determining
the appropriate concentration was an intricate challenge due to the precipitation, especially
when considering the presence of acetonitrile. Consequently, to address solubility issues, the
samples were prepared 24 hours before the measurement in order to ensure complete solubility
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during the measurement. The selected concentration was 1.25 x 10 mol.L* in a mixture of

chloroform/acetonitrile (1/1).

The voltammogram of foldamer A displays two reversible oxidation waves associated
to the formation of radical-cation TTF™* and dication state TTF?* (Figure 11-27), respectively
(Evt = 0.29 V, E»? = 0.73 vs Ag/AgNOs). These values are found to be higher than the TTF—
based foldamer 11-5 (Ex! = 0.13 V, Ex? = 0.56 V vs AgNOs/Ag), which correlates with the
electronic effect of the directly attached carbonyl substituent. Furthermore, the linear evolution
of the peak intensity with the square root of the scan rate confirmed that oxidized species do

not adsorb onto the electrode surface.
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Figure 1I-27. Left. Cyclic voltammogram of foldamer A (Pt, C = 1.25 x 10 M, CHCI3/ACN (1/1),
0.1 M, BusNPFs, v =100 mV.s™, E vs Ag/AgNQO; (0.01 M). Right. Evolution of the peak intensity i, as a function
of the square root of the scan rate.

Reference compounds 11-16 and 11-18 were also characterized in order to understand
the electrochemical behavior of foldamer A. The derivatives include the terminal part of the
foldamer skeleton, i.e. one TTF unit and a portion of the foldamer skeleton that is unable to fold
into a helix. Therefore, when TTF units are oxidized, the observation of r—dimers would only

result from supramolecular dimerization or polymerization.

Due to its limited solubility in a 1/1 mixture of chloroform and acetonitrile, II-16 was
finally excluded from this study. To ensure a rigorous comparison, the cyclic voltammogram
of compound I1-18 was recorded under the same conditions as those for foldamer A. It
displayed the expected reversible oxidation waves associated to the formation of radical—cation
TTF™* and dication TTF?*, (Ex! = 0.21 V, E»? = 0.62 vs Ag/AgNOs — Figure 11-28). The first
oxidation wave appeared thinner in comparison to the case of foldamer A, which suggests the

occurrence of interactions involving the TTF™ units of A.
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Figure //-28. Voltammogram of compound 7I-18 (Pt, C = 1.25 x 104 M, CHCI3/ACN (1/1), 0.1 M, BusNPFsg,
v =100 mV.s, Ag/AgNQO; (0.01 M)).

A deconvolution of the voltammogram of foldamer A was carried out in order to subtract
the contribution of the diffusion to the measured current (Figure 11-29). This mathematical
treatment showed that the areas are similar in oxidation and reduction, and the first oxidation
wave is clearly enlarged. Thus, the oxidation process is reversible, and some interactions occur
between the electroactive units along the first electrochemical process, which is commonly
noticed when forming oxidized TTF dimers. Interestingly, such interactions can be set up in an
intramolecular or an intermolecular manner and may allow for developing redox—controlled

macrocyclization, polymerization or hybridization, in the case of helical foldamers.
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Figure 71-29. Deconvoluted version of the cyclic voltammogram of foldamer A presented in Figure //-27.

E. Towards redox—induced hybridization

The oxidation of TTF units appears as a potentially effective approach to control the
stability of the helix. Through oxidation, the properties of TTF units (charge, electron density)
evolve, which can lead to the dissociation of non—covalent bonds between TTF and the
neighbouring units. Considering the widening of the first electrochemical process and hence,
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the possible formation of radical cation dimers, we anticipated that this process could indeed

affect the single—to—double helix equilibrium.

Spectroelectrochemistry is a technique that combines electrochemistry and
spectroscopy (such as UV-vis, fluorescence, FTIR...) to study the behavior of electroactive
species in solution or on surfaces in real time and in-situ. It involves the simultaneous
monitoring of spectroscopic properties (such as absorbance, emission or vibrational modes) of
molecules, while subjecting the latter to a varying or constant potential at an electrode. The
spectroelectrochemical measurements were performed at the MOLTECH-Anjou laboratory in

collaboration with Dr. Christelle Gautier and Dr. Eric Levillain.

These experiments were carried out in the same conditions as for the cyclic voltammetry
in a mixture of chloroform (CHCIz) and acetonitrile (ACN) in a 1/1 (v/v) ratio, and in the
presence of n—tetrabutylammonium hexafluorophosphate (0.1 M).

Due to solubility issues, foldamer A could not be studied at concentrations over
1 mmol.L™Y. Hence, the first spectroelectrochemical measurement was acquired at this
concentration. However, an adsorption phenomenon occurred on the electrode surface, which
impeded the harnessing of reliable data. Consequently, the solution was diluted to 0.66 mmol.L~

1 and then diluted twice after each subsequent dilution.

The obtained spectra (Figure 11-30-Left) clearly demonstrates the presence of an
absorption band centered at 770 nm, which is a distinctive spectroscopic feature of =—dimers
(TTF™)2."t Remarkably, this signature is observed at concentrations as low as 10> M. This
result highlights the notable ability of foldamer A to form n—dimers after oxidation, even at

very low concentrations.

Normalizing the variation of absorption at A = 580 nm, the corresponding AAz7o value
were plotted as a function of the total concentration. This study revealed a nonlinear evolution,
which shows the intermolecular character of the interactions between oxidized species (Figure
I1-30-Right). Though we do not dispose of a large dataset, we can affirm that the dimerization
constant of the oxidized species is in the range of 10* which indicates a strong propensity of

foldamer A to form radical cation dimers.
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Figure 7I-30. Left. 2D sections extracted at 0.65 V vs Ag/AgNQO;3 (0.1 M) from spectroelectrochemical
experiments performed at different concentrations of foldamer A in CHCI3/CH3CN 1/1, n—BusNPFs (0.1 M) at
50 mV.s, under thin layer conditions. Absorbance values are normalized with the normalization coefficient
obtained for the band located at 580 nm. Right. The evolution of the dimer/monomer ratio as a function of
concentration.

On this ground, three plausible arrangements can be envisioned: the formation of a

supramolecular polymer, a macrocycle or the generation of double helices (Figure 11-31).

Supramolecular Macrocyclic Hybridized
polymer dimer foldamer

Figure 1/-31. Possible supramolecular arrangements of foldamer A upon the oxidation of TTF units.

To get insight on the possible formation of a supramolecular polymer,
spectroelectrochemical analyses were performed on reference compound I1-18, which cannot
form macrocycles or duplexes. This was performed by using the same experimental conditions
as those applied for the analysis of foldamer A. The corresponding spectroelectrochemical
studies revealed that the interactions between TTF radical cations only occur at high
concentrations (> 7.5 mM - Figure II-32-Right). Furthermore, by comparing the
spectroelectrochemical data of foldamer A at 1 mM to that of reference compound I1-18 at 1.2
mM, we can clearly conclude that the concentration of wn—dimers is significantly more

pronounced in the case of foldamer A (Figure 11-32—Left).
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Figure II-32. Right. Spectroelectrochemistry of reference compound Il -18. Left. Comparison of the
spectroelectrochemical spectra between foldamer A at 1 mM and 7I-18 at 1.2 mM.

From a more quantitative point of view, Figure 11-33 demonstrates that foldamer A
forms m—dimers at concentrations that are two orders of magnitude lower than reference 11-18.

These results exclude the supramolecular polymerization of foldamer A.
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Figure 1/-33. Comparison of the evolution of the dimer/monomer ratio between foldamer A and 7I-18 as
function of log(C).

Considering i) the structure of foldamer A (see X—ray diffraction analyses), the network
of hydrogen bonds and aromatic interactions that stabilize its helical conformation and, the
relative orientation of TTF units, as well as ii) the fact that the well-preorganized systems
described by Zhang-Ting Li and coworkers (see Scheme 1I-3) solely display a dimerization
constant of ca. 100 in the same solvent system,’? we consider the formation of supramolecular
macrocycle very unlikely. Thus, the redox-triggered hybridization of foldamer A into
homoduplexes appears as a rational explanation to justify the formation of n—dimers at very
weak concentrations and in the absence of any additive known for stabilizing these

supramolecular assemblies.
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I11. Conclusions

The field of stimuli—responsive foldamers based on redox stimulations is still in its early
stages of development. Along this work, we synthesized a new foldamer derived from the
oligopyridine dicarboxamide skeleton endowed with tetrathiafulvalene units through amide
linkers. The synthesis of this foldamer A appeared quite challenging and much effort was made
to optimize the conditions of synthesis and purification that allowed the successful preparation
of foldamer A after thirteen steps. All the studies conducted in solution in the neutral state
highlighted the stability of foldamer A in its single helical arrangement and showed that it does

not hybridize in this state.

This assertion was further supported by solid-state analyses. Despite dedicating much
time to crystallization experiments, five crystallographic structures could be solved for
foldamer A, all of them corresponding to single helices. The analysis of these structures
highlighted the role of the amide linker in the orientation of TTF units, which forces the latter

to be part of the helix through several intra— and intermolecular interactions.

The oxidation of TTF units affects their properties and weakens the stability of the single
helix. Through spectroelectrochemical measurements, we showed that the dimerization of
radical cations was more efficient for the foldamer in comparison to the reference molecule,
highlighting the contribution of the foldamer skeleton to the formation and stabilization of n—
dimers. In this context, the nature of the linker proved to be an important parameter that affects
the overall behavior of a foldamer functionalized with electroactive units. Additional insights
on this result will be given in chapter 3 with the synthesis and characterization of another TTF—

containing foldamer, among others.

To our knowledge, foldamer A constitutes the first example of “redox-—triggered

hybridization process” and this, without any alteration of the medium composition.
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Chapter 3. Towards heteroduplexes based on z—functional foldamers

|. Towards heteroduplex formation through aromatic donor-
acceptor interactions

As elaborated in the concluding section of the first chapter, heteroduplexes remain rather
scarce in the literature. These supramolecular architectures are formed by intertwining of two
non—identical strands. As a result, they differ not only geometrically from single helices, but
also in terms of physico—chemical properties. For instance, double helices showed applications
in different domains of biology, for permitting the penetration of lipid cells or to act as ion
channels.? Additionally, the difference in geometry sometimes permits the encapsulation of
molecules in their single helical form and their release upon the formation of double helices or
vice-versa.> Moreover, their structures, geometry, chirality may have potential in promoting
reactions by acting as catalysts.*® These particular features encouraged us to target the control
of the equilibrium between single and double helices in a reversible manner.

On the other hand, associating different strands can lead to a wide variety of duplexes,
each with unique characteristics. For example, the cavity formed during hybridization of
distinct strands could vary in size, potentially accommodating guests that would not fit within
the cavity of homoduplexes. Moreover, the polarity of these duplexes cavity could differ,
affecting their capacity to trap guests. On the other hand, one could imagine the transfer of
chirality from a chiral strand to another distinct achiral one, potentially leading to the discovery
of new compounds in the field of catalysis. Thereby, the formation of heteroduplexes with novel

and unique properties represents a promising field to explore.

Achieving the selective formation of heteroduplexes relies on suitable level of
complementarity between the strands forming the duplexes. Thus, taking advantage of driving
force appears as a relevant strategy to favor hybridization into heteroduplexes rather than
homoduplexes. In this context, this chapter will focus on the efforts conducted to prepare
heteroduplexes in a selective manner through aromatic interactions between electron rich and
electron poor units. This asymmetric interaction will serve as a tool to build non—identical
strands. In order to accomplish this goal, a series of electroactive foldamers functionalized with

electron—deficient and electron—donating units were synthesized and characterized.

A. Generalities

Charge transfer (CT) occurs when electron density located in the highest occupied

molecular orbital (HOMO) of a donor region is shifted towards the moiety bearing the lowest
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unoccupied molecular orbital (LUMO) of an acceptor counterpart. Along this process, a new
absorption band, called charge transfer band, appears and can be monitored by UV-visible
absorption spectroscopy. One will note that molar absorption coefficients of broad CT bands
are most often low, which makes it challenging to characterize them in diluted solutions, where
the dissociation of the complex is favored.® Thus, increasing the concentration of one or both
components will increase the chance to detect the CT band. The appearance of the
corresponding species is accompanied by a color change, generally observable with the naked
eye. Furthermore, CT interactions are also detectable by NMR spectroscopy techniques. Indeed,
the alternate face-to—face D—A stacking induces an upfield shift of the aromatic protons for
both the donor and acceptor electroactive units.” 2D NMR Tools, such as NOE spectroscopy,

can also probe this contact by evidencing through—space couplings between protons.®

Charge transfer interaction displays comparable features with hydrogen bonding
regarding its complementarity between D and A, but this interaction occurs through non-
directional electrostatic attraction between electron—rich and electron—deficient cores (Figure

S @ &

= —
= oo

Figure 111-1. Models of the electrostatic potential of an electron—rich (DAN) and electron—deficient (NDI)
chromophores and their corresponding D—A complex.

The association constant of this charge transfer interaction is generally weak or
moderate even for the most suitable D—A pairs. In this context, it is important to note that the
suitability of D—A pairs depends on several parameters rather than just their structures. Indeed,
the binding affinities of these chromophores relies on different factors such as 1) the
functionalization of the donor and acceptor compounds, which influences their electrostatic
potential maps, 2) the nature of the solvent and 3) the suitable match between the m surfaces of
the D—A chromophores. Since aromatic interactions are generally associated to moderate
equilibrium constants, additional non—covalent interactions are often employed to build

supramolecular structures involving the formation of CT complexes.*%!
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B. Supramolecular assemblies stabilized by D—A interactions

Supramolecular assemblies of m—conjugated systems,'>?* may be constructed from
molecules by non—covalent interactions, such as hydrogen bonds, n—= stacking, hydrophobic
interactions and others. In this context, aromatic interactions between donor and acceptor units
have emerged as a significant tool for developing the field of supramolecular chemistry.?+-3!
Thus, various supramolecular systems based on such interactions (Figure 111-2) were designed
and reported such as gels,*>* amphiphilic systems (micelles and vesicles),**>" molecular
machines (catenanes and rotaxanes),?®28 supramolecular polymers,®®%® foldamers,®”-"° and

others 24-27,29-31
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Liquid crystal

Figure 111-2. Different kinds of D—A supramolecular assemblies.®

C. Objectives

Since the duplex differs from the single helices in terms of geometry and physico—
chemical properties, the obtained heteroduplex will present new physico—chemical
characteristics. Interestingly, this aspect remains relatively unexplored in the field of foldamers,
though few examples were reported in the fields of molecular machinary,” host-guest
chemistry’® or catalysis.”® Taking advantage from the moderate dimerization constant of
oligopyridine dicarboxamide foldamers and charge transfer interactions between donor and
acceptor moieties grafted on helical foldamers, we aimed to design and synthesize
heteroduplexes in a selective manner with a higher dimerization constant (Figure 111-3—Left).
Furthermore, this will constitute a novel strategy to control the hybridization equilibrium

through redox stimulations in a reversible manner (Figure I11-3-Right).
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Figure 111-3. Schematic representation of the formation of heteroduplex in the neutral state and the redox—
controlled association—dissociation equilibrium presented in the case of TTF— and NDI- based foldamers.
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D. Design

The design of foldamers able to hybridize into heteroduplexes should take into
consideration several important aspects. First, the elaboration of heteroduplexes requires the
synthesis of two distinct and complementary strands able to hybridize. In addition, the
hybridization process is likely to be promoted because of donor-acceptor interactions. As
discussed in the second chapter, the choice of the foldamer skeleton, the electroactive units, as
well as the type of the linker between them constitutes a crucial choice for the design of
foldamers.

D.1. Choice of the foldamer skeleton

Oligoarylamides were selected as the skeleton for the foldamer series in this chapter as
well. As previously discussed, oligopyridine dicarboxamide oligomers exhibit diverse
advantages, including their relatively straightforward synthesis, the stability and predictability
of their secondary structures, their propensity to crystallise and most importantly, their ability
to reversibly hybridize into double helical structures with a moderate dimerization constant.”
Over the last years, our team has also developed extensive knowledge and know—how related
to their synthesis. Altogether, these points prompted us to pursue this study with this family, at
least to make proofs—of—concept. In this context, a foldamer containing seven pyridyl units was
selected. As mentioned in the second chapter, the foldamer skeleton should have a moderate
length to prevent excessively high dimerization constants, slow Kinetics of association—

dissociation.

Considering the significant impact of the rigid amide linker on the behavior of foldamer
A in the second chapter and the large time needed to synthesize a foldamer with the same

design, selecting an appropriate linker for this study constituted a challenge to overcome.
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Firstly, an efficient overlap between the orbitals of the donor and acceptor chromophores must
be possible in the hybridized state. Hence, the selection of a flexible and sufficiently long linker
appeared necessary. Secondly, synthesizing strands endowed with different electroactive units
have to be designed to target different pairs of D—A foldamers. Therefore, functionalizing the
foldamer skeleton with the electroactive units along the last step appears advantageous in terms

of convergence and to limit the number of difficult purification steps.

Eventually, the electroactive units will be introduced at the extremities of the foldamer
skeleton. This offers advantages in terms of symmetry, which simplifies the process of
characterizations and comprehension of these intricate systems. Furthermore, this strategy has
been developed by our group, which now developed an expertise regarding the
functionalization of foldamers. In this context, linking the foldamer backbone to the
electroactive units through copper—catalyzed azide—alkyne cycloaddition (CUAAC)™ "’

appeared relevant (Scheme 111-1).

N S N N N S N
=N X N7 NN X N7 SNT N X N7 NN 7 ONTN.
//\H I H Ho |l H Ho |l H Ho |l H/\\
Z P Z P
OiBu ojgy Foldamer B OiBu 0iBu

R-N3
CuS0,
Sodium ascorbate
DCM/DMSO 1/1

N = = = = N
¢ k
OiBu QiBu OiBu QiBu
Scheme I11-1. Representative scheme for the functionalized foldamer via click chemistry (R: electroactive unit).

D.2. Choice of the electroactive units and pairs

Among the various aromatic compounds depicted in Figure 111-4, several pairs were

chosen based on different criteria detailed in the next paragraphs.
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Figure 111-4. Structures of representative donor and acceptor chromophores (TTF: tetrathiafulvalene, DAN:
dialkoxynaphthalene, exTTF: extended—tetrathiafulvalene, NDI: naphthalene diimide, DCTNF:
trinitrofluorenone derivative, PDI: perylene diimide, Ceo: fullerene).

In order to start with a well-known system and to allow comparisons with Chapter 2, the
first selected electroactive unit was tetrathiafulvalene (TTF). The comparison between two
foldamers bearing tetrathiafulvalene units that differ by the nature of the linker (amide for
foldamer A (see chapter 2) and a triazole—containing one (in chapter 3) will provide additional
evidence on the influence of the linker on the behaviors of foldamers in solution. Furthermore,
TTF exhibits strong electron donating properties’®®! and is appealing for the construction of
charge transfer complexes.®28 On the other hand, the DCTNF acceptor constitutes an electron

withdrawing system, which readily forms D-A pairs with TTF.”8-8

Dialkoxynaphthalene (DAN) and naphthalene diimide (NDI) compounds are well-
known for the construction of D-A complexes.® This chapter will primarily focus on this pair

of chromophores, choice that will be thoroughly explained in paragraph §lI1.

Eventually, pyrene unit was selected for its singular spectroscopic features and its ability

to undergo CT interactions with NDI unit.®8!

At this stage, it is nonetheless important to remind that they exhibit planar aromatic
neutral cores and present excellent abilities for 7—stacking. In most cases, these derivatives can
be functionalized in a symmetric or a dissymmetric manner, providing a variety of structures.®-
8 This possibility facilitates a straightforward connection with other species and, affords
derivatives that are soluble in a wide range of solvents.8 Chapter 3 will be organized according

to the donor—acceptor pair under consideration.

110



Chapter 3. Towards heteroduplexes based on z—functional foldamers

D.3. Choice of solvents

Multiple cross—hybridization tests will be tackled in various solvents and at different
concentrations. The aim of these tests will consist in finding the best compromise to promote
both hybridization and charge transfer complexation between electroactive units to obtain
heteroduplexes in a selective manner. This appears quite challenging since the hybridization
process of oligopyridine dicarboxamide generally occurs in solvents displaying moderate
polarities, such as chlorinated solvents.2”° While charge transfer complexes are commonly
formed in polar solvents such as H.O, MeOH, and DMSO, in which they exhibit high
association constants.?® Nonetheless, it has already been shown that the hybridization process
can take place in more polar solvents, such as DMSO, when an additional driving force can be
set up between foldamer strands (e.g. aromatic interactions).®>*? In a reciprocal manner, we
also anticipated that charge transfer complexes could be formed in less polar solvents, thanks
to the ability of oligopyridine dicarboxamide foldamers to hybridize. Therefore, taking
advantage from both phenomena, we envisaged combining two driving forces, hybridization

and donor-acceptor interactions to synthesize heteroduplexes in a selective manner.

I1. Pair of TTF—and DCTNF-based foldamers
A. Synthesis of foldamer dialkyne B
A.l. Retrosynthesis

The synthesis of foldamer B relies on the retrosynthesis presented in Scheme 111-2. In
contrast to foldamer A (see Chapter 2), foldamer B features a diacid central block (ITI-2)
instead of a diamine one. Eventually, the extremities of foldamer B consist of carboxamide
functional groups instead of amine groups (ITII-3). Consequently, foldamer B is constituted by

seven pyridyl rings in an inverted arrangement in comparison to foldamer A.
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Scheme I11-2. Retrosynthetic scheme of foldamer B.
A.2. Synthesis of diacid 111-2

The synthesis of diacid 111-2 was achieved according to a two—step procedure (Scheme
I11-3). Carboxylic acid II-3 was activated into the corresponding acid chloride using oxalyl
chloride and a catalytic amount of DMF in distilled dichloromethane under argon atmosphere.
An addition—elimination reaction of 2,6-diaminopyridine in the presence of N,N-
diisopropylethylamine subsequently allowed for isolating diester 111-1 in a 75 % yield.%
Eventually, diacid ITI-2 was obtained quantitatively by saponification of diester 111-1 using

lithium or sodium hydroxide as a base.

OiBu OiBu 1) LiOH or NaOH, 0iBu 0iBu

OiBu
1) C,C1,0,, DMF cat. H,0, 0°C
» __ Dbyoomar THF I = H [
0. Z__oH — = HO A _N__N_N_M OH
- N N < N
2) 2,6-Diaminopyridine 2) H*/ H,0 (HCI) o o U o o
>
o] o Dry D|P7E5A/dry THF quantitative
-3 ° -1 -2

Scheme 111-3. Synthesis of compound I7TI-2.

A.3. Synthesis of the peripheral block

The synthesis of amine 111-5, which will eventually be coupled to diacid 111-2, starts
with a quantitative saponification reaction of ester 11-8 using sodium hydroxide to afford the
desired carboxylic acid 111-3 after acidification of the medium (Scheme 111-4). Then, Ghosez
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reagent allowed for preparing the corresponding acid chloride, while avoiding the release of
hydrogen chloride along this activation step.®* In this manner, the dropwise addition of
propargylamine and DIPEA led to the isolation of precursor 111-4 with a particularly high yield

(94 %). The last step consists in a deprotection reaction of the amine function to afford

quantitatively the desired amine 111-5 using trifluoroacetic acid.

Cl

1
) WJ\T/

Dry DIPEA, dry THF OBy
O’B” 94 %

1) NaOH, H,0, 0°C THF 1) TFA,DCM | o antitative
2)H*/H,0 (HCI) | 9uantitative 2) NaHCO3

Z o o}
o H N’gl\llN N N
2 Ho[ | H/\\\
N =

1I-8 OiBu l-5 OiBu

Scheme I11-4. Synthesis of compound ZI1-5.

A.4. Synthesis of foldamer B

The last step towards the formation of foldamer B relies on a peptidic coupling between
I11-2 and 111-5. This allowed for isolating foldamer B with a high yield of 84 %, especially
considering the poor nucleophilicity of arylamines and the considerable steric hindrance once

the first coupling performed (Scheme I11-5). Moreover, this sequence could be led on a one

gram-scale, which constitutes a clear asset for future developments.

OiBu

s B

-5
1) cl 2) 11l-2, DIPEA, dry THF

7~ overnight
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Dry DCM, Ar
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Scheme I11-5. Synthesis of foldamer B.
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A.5. Solid state analysis of foldamer B

Monocrystals of foldamer B were obtained through slow evaporation from a solution of
DMF. X-ray diffraction analysis showed the crystallization of single helical structures from
this polar solvent.®> The stability of the single helical structure is ensured by a network of
hydrogen bonds ranging from 2.21 to 2.37 A. The polar cavity accommodates a water molecule
and a DMF one, which interact with the foldamer skeleton through hydrogen bonds (Figure I11-
5).

3

Figure I11-5. X-Ray crystal structure of foldamer B (monocrystals obtained from DMF) as a single helix. The
cavity contains one water and one DMF molecules (isobutyl chains omitted for clarity).

With this family of foldamers, the helical pitch can be defined as the distance between
the first and the fifth pyridyl rings. In the case of foldamer B, the helical pitch was not constant
along the strand, depending on the pyridyl ring that was considered as first: distances of 4.67 A
from one extremity and 3.92 A from the other extremity were indeed measured. Apart from the
interaction with DMF and water molecules, this difference could arise from intermolecular
interactions between foldamer strands. The hydrogen atoms of the alkyne groups are involved
in intra— and intermolecular interactions (Figure 111-6): 1) hydrogen atom H (1) interacts with
the oxygen atom O (b) of the amide function of the adjacent helices through hydrogen bonds
with a value of 2.45 A (blue dotted lines); 2) the hydrogen atom H (2) participates to
intermolecular hydrogen bonds with O (a) (2.53 A - orange dotted lines) and intramolecular

CH-—n interactions with the fourth pyridyl rings with a value of 3.55 A (violet dotted lines).

Eventually, one will note that this X—ray crystallographic structure affords interesting

data concerning the orientation of the acetylenic moieties. Herein, -C=C-H terminal groups
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constitute a part of the helix, in contrast to their orientation in an analogous structure containing

five pyridyl rings, where these groups were perpendicular to the helix.%

H1)-O(b
M )-O(b)
- H(2)-0(a)

CH(2)-r

Figure 111-6. Packing of foldamer B in the lattice: hydrogen bonds 2.45 A (blue dotted lines), 2.53 A (orange
dotted lines), and CH-z 3.55 A (violet dotted lines), top: view following the ¢ axis, down: view following the a
axis. Isobutyl chains were omitted for the sake of clarity.

B. Synthesis of TTF-and DCTNF-based azides and the corresponding
foldamers

B.1. Synthesis of azides 111-8 and 111-11

The preparation of azide 111-8 was conducted through three steps (Scheme 111-6). The
first one consists in the formylation of TTF, which is followed by a reduction of
formyltetrathiafulvalene 111-6 according to a protocol described in the literature.®” The desired
azide IIT-8% was obtained by treating I11-7 with diphenylphosphoryl azide, 1,8—
diazabicyclo[5.4.0]Jundec—7—ene (DBU) and sodium azide in anhydrous DMF (90 %).

H HO N3
1) LDA o
=) 2) Ph(Me)NCHO — 1) NaBH,4 — —
s__S 3) H* I H,0 S__S 2) H*/H0 s__S DPPA,DBU,NaN; sS__S
L — X — 1 —
s s Ar, -78°C s s Absolute ethanol 8" s Anhydrous DMF § s
=/ Anhydrous ether \=/ 70 % — 90 % \=/
76 %
TTF -6 -7 -8

Scheme 111-6. Synthesis of azide I71-8.
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On the other hand, the synthesis of 111-11 was conducted using a different protocol.
First, a nitration reaction was led on the commercially available 9—fluorenone—2—carboxylic
acid in a mixture of sulfuric acid and nitric acid, according to a protocol described in the
literature.®® The carboxylic acid function was activated as acid chloride using oxalyl chloride
and a catalytic amount of DMF in distilled DCM. After addition—elimination of 2—-azidoethan—
1-amine in the presence of DIPEA in THF, 111-10 was isolated with a 54 % yield. The last step
consisted in grafting the malonitrile group through Knoevenagel reaction® to give I1I-11
(Scheme 111-7), which was only detected by mass spectrometry because of its very low
solubility and air sensitivity. Therefore, we decided to perform the CUAAC reaction using 11—

10 before condensing malonitrile on the trinitrofluorenone units.

H,S0, 1) C,Cl1,0,, DMF cat. —~
HN03 Dry DCM, Ar NC™ "CN
0 Reflux, 3h O,N o] A~Ns O;N MeOH OZN .‘-
o 2) HoN
Dry DIPEA
Dry THF

54 %
11-9 10 -11

Scheme I11-7. Synthesis of azide III-11.

B.2. Copper—catalyzed azide—alkyne cycloaddition (CUAAC)

The synthesis of foldamers C and D was finally achieved by coupling the corresponding
azides IT1-8 and ITI-10 (4 equivalents), respectively with foldamer B through copper—catalyzed
azide—alkyne cycloaddition. These reactions were conducted in the presence of copper sulfate
and sodium ascorbate in a mixture of DCM/DMSO (1/1) to ensure the solubility of the reactants
Scheme 111-8). This represents a valuable strategy for synthesizing a foldamer endowed with
tetrathiafulvalene units, with a significantly higher yield of 85 %, in stark contrast to the amide
linking (37 %).
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Scheme I11-8. Synthesis of target foldamer C and D.

B.3. Analysis in solution

To compare foldamers C and A (see chapter 2) using the same conditions, chloroform
appeared as a solvent of choice for analytical purposes. The corresponding measurements
evidenced the high solubility of foldamer C in chloroform, which is commonly used for
studying the hybridization process of oligopyridine dicarboxamide foldamers.®” These
experiments revealed the presence of two sets of signals for amide protons, which shows that
two species are in slow equilibrium at the NMR timescale (Figure 111-7). This observation
correlates well with previously reported analogous foldamers containing seven pyridyl
rings.288 The signals of both single and double helices can be readily identified. At lower
concentrations, the signals corresponding to the amide protons of the single helical structure
remain (10.77, 10.53, 10.36 and 8.97 ppm, with each signal integrating for two protons), which
is consistent with the central symmetry of the single helix. On the contrary, when considering
higher concentrations, a new set of four signals appeared at lower chemical shifts (9.74, 9.65,
9.42 and 8.71 ppm). These correspond to the formation of the double helical structure in
solution in the neutral state. The estimation of the dimerization constant Kginm for this series of

foldamer was not performed; this will be explained in the subsequent paragraphs.
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Figure I11-7. Evolution of the *H NMR spectrum of a solution of foldamer C upon dilution: single helix (filled
circles) and double helix (empty circles) (CDCls, 298 K, 300 MHz).

The hybridization process of foldamer C, functionalized with TTF units through triazole
linkers, occurred in the neutral state, in contrast to foldamer A (see chapter 2) where an amide
function was used as linker. This relevant result confirmed our hypothesis and analysis
conducted on foldamer A. The short amide linker promotes intramolecular interactions between
TTF units and the foldamer skeleton of A, which results in an increased stability of the single
helical state. Considering that, comparing the crystallographic structures of A and C would be
particularly valuable. Important efforts have been dedicated to crystallization tests with
foldamer C. These were performed through slow evaporations, liquid—liquid diffusion, or
liquid—gas diffusions. However, these attempts remained vain.

The high sensitivity of foldamer D to oxygen due to the presence of TNF units leads to
its rapid degradation (around two weeks), which demands careful handling and storage under
controlled conditions. Unfortunately, this aspect poses a significant challenge for studying its
behavior in solution and performing further characterizations. In addition, the TTF-based
foldamer proved to be unstable above 40°C. This rapidly prompted us to select new donor and
acceptor functional units, which are benchmark derivatives in that context:

dialkoxynaphthalene and naphthalene diimide units, respectively.52*
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I11. Pairs of DAN- and NDI-based foldamers: overcoming
challenges and outcomes

A. Functional foldamers incorporating DAN and the first NDI moieties
A.l. Synthesis
A.l.a. Synthesis of azides III-13 and 111-17

The functionalization of the commercially available naphthalene tetracarboxylic
dianhydride (NDA) in a dissymmetric manner was performed according to two steps and
through simple amine condensation (Scheme 111-9). Firstly, imide III-12 was obtained by
reacting NDA with propan—1-amine in the presence of DIPEA,'® and then, the desired azide

(ITI-13) was isolated after condensation of 2—azidoethan—1-amine in the presence of DIPEA.

HZN/\/ HZN/\/ 3
Dry DIPEA Dry DIPEA
Dry DMF reflux Dry DMF, reflux

82% HN
-12 13

N3
Scheme I11-9. Synthesis of azide III-13.

The synthesis of azide 111-17 was successfully achieved through four steps according
to the protocol reported for the TTF-based azide 111-8 (Scheme 111-10). The dissymmetrical
functionalization of the 1,5-dihydroxynaphthalene was conducted through two successive
nucleophilic substitutions using potassium carbonate as a base, and iodomethane and 2—
bromoethan—1-ol as electrophilic reagents, to afford compound III-15. Subsequently, the latter
was treated with diphenyl phosphoryl azide and 1,8—diazabicyclo[5.4.0]Jundec—7—ene (DBU) to
give intermediate III-16 with a 79 % vyield. It should be noted that, in contrast to
hydroxylmethylTTF 111 -7, synthesizing azide I111-17 with a high-yield required the isolation
of phosphoryl ester III-16. The desired azide was finally obtained after a nucleophilic
substitution involving sodium azide and intermediate I11-16 in DMF/water (9/1) affording I11-
17 with a global yield of 16 %.
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Scheme 111-10. Synthesis of compound III-17.
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A.1.b. Synthesis of foldamers

Foldamers E and F were obtained as previously described (see paragraph 811.B.2) by
reacting B and azides 111-13 and 111-17 with a 65 % yield for both (Scheme 111-11). Noteworth
is the fact that azide 111-17 was less reactive, which prompted us to perform the synthesis of
foldamer F upon heating at 40°C.
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65 % N
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o N Cuso,
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O J DCM/DMSO 1/1
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o 17 65% o
O 0O/Bu O/Bu 0OiBu 0jBu O

Foldamer

Scheme I11-11. Synthesis of foldamers E and F.

A.2. Solid state analysis
A.2.a. Analysis of foldamer E in the solid state

Monocrystals of foldamer E were obtained by slow evaporation from a solution of DMF
in a triclinic P-1 space group. The crystallographic structure revealed the crystallization of
foldamer E in its single helical form and both M and P helices co—crystallize together. The polar
cavity accommodates two water molecules interacting together and with the foldamer skeleton

through hydrogen bonds. Intramolecular hydrogen bond was observed between the H atom of
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one triazole unit and the oxygen atom of a neighbouring amide function with a value of 2.57 A
(violet dotted lines, Figure I11-8-a). Intramolecular aromatic interactions occurred between
pyridyl units and defined a helical pitch of 3.56 A. Single helices stack together, leading to
intermolecular n—m stacking with a value of 3.65 A (green dotted lines) between NDI and
foldamer skeleton within the adjacent blue and red helices and hence, on both sides. However,
the triazole rings adopt two different orientations: 1) on one side, they are part of the helix,
favoring a n—n stacking between NDI unit and the third pyridyl ring (3.71 A, orange dotted
lines); and 2) on the other side, they are orientated perpendicularly, and in this case, a DMF
molecule is present between the foldamer skeleton and the NDI unit within the same helix
(Figure 111-8-b).

a)

Figure 111-8. a) X—ray structure of foldamer E obtained from slow evaporation from DMF as single helix. The
cavity contains two water molecules, b) Packing of foldamer E in the lattice: z— stacking between NDIs and
pyridine of adjacent helices 3.65 A (green dotted lines). Isobutyl chains were omitted for the sake of clarity.

A.2.b. Solid state analysis of foldamer F

Monocrystals of foldamer F were obtained by slow evaporation from a solution of
DMSO in a monoclinic P 1 21/c space group. X—Ray diffraction analyses revealed the
crystallization of the single helical form. The polar cavity of the foldamer accommodates two
DMSO molecules, where the oxygen atoms of these molecules interact with the hydrogen atom
of the both peripheral amide functions through hydrogen bonds with a value ranging from 2.14
to 2.36 A, and a helical pitch of 3.67 A (Figure 111-9-Left). An intermolecular hydrogen bond
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was also detected between the hydrogen atom (C—H) of triazole and the oxygen atom (C=0) of
the adjacent amide function with a value of 2.52 A (violet dotted lines). Unlike foldamer E,
both triazoles are perpendicular to the helix axis. Furthermore, CH-x interactions were
observed within the lattice occurring between the helices. The first CH—r interaction is strong
and it was identified between H (b) and the core of DAN (1) with a value of 3.02 A (blue dotted
lines). Additionally, a second CH-r interaction was detected between H (a) of the M helices
and the core of the DAN (2) unit of the adjacent P helices with a value of 3.72 A (violet dotted
lines) and vice versa (Figure 111-9-Right). These CH-r interactions highlighted a herringbone
organisation between DAN and pyridyl rings. One should also notice that no ‘DAN-DAN’ or
‘DAN—foldamer skeleton’ aromatic interaction could be evidenced in this crystallographic

structure.

Figure I11-9. Left. X—ray crystal structure of foldamer F obtained by slow evaporation from DMSO as single
helix. The cavity contains two DMSO molecules. Right. Packing of foldamer F in the lattice: CH—x interactions
3.02 A (blue dotted lines), and 3.72 A (violet dotted lines). Isobutyl chains were omitted for the sake of clarity.

A.3. Cross-hybridization between foldamers E and F

Foldamers E and F were mixed together in different solvents as well at different
concentrations. The most pronounced color change were observed in chloroform and toluene.
When foldamers E and F were dispersed in toluene at room temperature (10 mM, weighing
solids together and then, adding the solvent), a pink precipitate was formed. Upon heating the
obtained suspensions, particles disappeared and the medium became a yellow solution.
Allowing the solution to return to room temperature resulted once again in the precipitation of
a pink solid (Figure 111-10).
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Figure 111-10. Left. Precipitate formed upon mixing foldamers E and F at room temperature. Right. Yellow
solution obtained upon heating the pink precipitate.

To get insight on this phenomenon, the different steps were followed by *H NMR
spectroscopy. A suspension containing equimolar amounts of foldamers E (n = 8.3 mmol) and
F (n = 8.3 mmol) was prepared in deuterated toluene (V = 0.3 mL) and then, different
suspensions were prepared at lower ‘concentrations’ by dilution. At 25°C, the resolution was
poor at high concentrations and good, at low ones. However, a careful look at the NMR
spectrum recorded for a theoretical concentration C = [E] = [F] = 1.7 mM shows that NDI
signals are significantly smaller than those of DAN. This indicates a clear lack of solubility for
the corresponding foldamer, which prompted us to study the samples at higher temperatures.
Therefore, solutions were heated to 60°C, which was accompanied by an improvement of the
resolution. While the signals of foldamer E appeared at high temperatures, these proved to
disappear once again upon increasing the concentration (Figure 111-11). On the contrary, the
DAN-containing foldamer F remained soluble and hence, performing reliable cross—

hybridization experiments in these conditions appeared difficult.
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Figure 111-11. Evolution of the *H NMR spectra of foldamers E and F and their mixture at 25°C (left) and 60°C
(right) (Toluene—ds, 500 MHz).
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B. Functional foldamers incorporating DAN and the second NDI
moieties

Considering the encouraging results obtained with foldamer E (color change) and yet,
the manifest lack of solubility when mixing donor and acceptor strands, we envisaged to
synthesize foldamer G, which is endowed with branched alkyl chains. This appeared especially
relevant, since foldamers B, C, D and F display high solubilities. Therefore, reconsidering our
design to limit NDI-NDI contacts appeared logical. On the other hand, given the complexity of
these architectures, we decided to synthesize 1) references III-20 and III-21 (Scheme 111-12),
which mimic the extremities of F and G and can solely form a supramolecular polymer through
a single aromatic interactions, and 2) references 111-23 and 111-24, which include two

electroactive units (like F and G) but cannot hybridize to form double helices.
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Scheme 111-12. Chemical structures of reference compounds III-20, ITI-21, I11-23, I1I-24 and foldamer G.
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B.1. Towards heteroduplex formation
B.1.a. Synthesis
B.1.a.i. Synthesis of azide 111-19

Azide III-19 was synthesized by employing a similar protocol as for III-13 and by

replacing the linear alkyl chain by the branched pentan—3—amine (Scheme 111-13).

H N/\/ 3
Dry DIPEA Dry DIPEA
Dry DMF, reflux Dry DMF, reflux N
32% 82 %
-18 N; III 19

Scheme I11-13. Synthesis of compound III-19.

B.1.a.ii. Synthesis of reference compounds

The reference compounds were synthesized according to the protocols developed for
foldamers. II1-20 and ITII-21 were obtained by coupling azide ITI-17 and III-19, respectively
with intermediate III-4 through click reaction, with a good yield of 84 and 96 % (Scheme I11—
14).
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Scheme I11-14. Synthesis of reference compounds I1I-20 and III-21.

The synthesis of compounds III-23 and III-24 required the preparation of a new

intermediate, III-22. The latter was synthesized by activating carboxylic acid III-2 into acid
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chloride by Ghosez reagent followed by the addition of propargylamine using the same protocol
(Scheme 111-15). The crude was purified by silica gel chromatography (eluent DCM/EP 80/20),
resulting in a yield of 87 % for III-22. Then, a copper—catalyzed cycloaddition was performed
on bis—alkyne III-22 in the presence of azides III-17 and III-19, to give III-23 and I11-24
with 78 and 90 % vyields, respectively.
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Scheme I11-15. Synthesis of reference compounds I1I-23 and II1-24.

B.1.a.iii. Synthesis of foldamer G

Eventually, foldamer G could be synthesized following the standard CuUAAC protocol
and isolated with a high yield (85 % — Scheme 111-16).
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Foldamer G Ho
Scheme 111-16. Synthesis of foldamer G.
Foldamer G displays excellent solubilities in chlorinated solvents, allowing for reaching

concentrations up to 200 mmol.L™%, which confirms the relevance of our strategy. Therefore,
all the following cross—hybridization analyses were led with foldamer G as the acceptor strand.
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B.1.b. Solid state characterization

B.1.b.i. Solid state of reference compound

Multiple attempts of crystallization were carried out in order to crystallize the reference
compounds individually and the corresponding D—A mixture. Only monocrystals of III-21
were obtained from a solution containing a mixture of III-20 and III-21. This molecule
crystallized in the triclinic P-1 space group by slow evaporation from 1,1,2,2—
tetrachloroethane. X-ray diffraction analysis showed the crystallization of this molecule in a
sandwich form, where n—r interactions were detected between the NDI core and the peripheral
pyridyl ring with a value of 3.55 A (blue dotted lines — Figure 111-12). These observations
highlighted the flexibility of the —CHx—triazole—-CH>—NH- linker in comparison to the amide
connector. Indeed, TTF II-11 in the second chapter with the amide linker crystallized in a
planar form. The amide linker was rigid and short enough to prevent any contact between the
TTF unit and the pyridyl rings. On the contrary, the triazole—containing spacer appears more
flexible, which permits the establishment of contacts 3.55 A. Regarding the packing in the
lattice, n— stacking of 3.54 A was also found between the adjacent molecules according to the

b axis between the NDI core and the pyridyl unit (violet dotted lines).

Figure 111-12. Crystallographic structure of reference compound III-21. z— Stacking 3.55 A (blue dotted lines)
and 3.54 A (violet dotted lines). Isobutyl chains were omitted for the sake of clarity.

B.1.b.ii. Solid state of foldamer G

Monocrystals of foldamer G were obtained by slow diffusion of methanol into a solution
of G in 1,1,2,2—tetrachloroethane. The crystallographic structure (P—1 space group) revealed

the crystallization of foldamer G in its single helical form. Aromatic interactions were detected
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between pyridyl units and defined a helical pitch of 3.67 A (Figure 111-13). Intramolecular
hydrogen bond was observed between the hydrogen C—H atom of one triazole unit and the
oxygen atom of a neighbouring amide function with a value of 2.87 A (violet dotted lines). Like
analogous foldamer E, the orientation of the triazole groups differs, leading in different
orientation of NDI units that are more or less distant from the foldamer skeleton. One NDI unit
is planar and parallel to the second pyridyl ring, where intramolecular n=—n interaction was
detected between both moieties (3.77 A, blue dotted lines). This one is engaged in strong
intermolecular n—x interaction within adjacent helix (3.45 A, orange dotted lines — Figure 11—
14). On the other hand, CH-= interaction was detected between H (d) of the second NDI and
the core of its adjacent pyridyl unit with a value of 3.37 A (green dotted line).

Figure 111-13. X—Ray crystal structure of foldamer G obtained from a monocrystal grown by slow diffusion of
methanol into a solution of 1,1,2,2—tetrachloromethane, as single helix. CH-z stacking 3.37 A (green dotted
lines) and z— stacking 3.67 A (gray dotted lines). 1sobutyl chains were omitted for the sake of clarity.

The latter NDI was involved into aromatic interactions with the adjacent NDI core of the
neighbouring helix, maintaining a distance of 3.83 A (Figure 111-14). This interaction displays
a slipped face—centered (off—set) geometry as predicted by Hunter and Sanders model for the
electron—deficient aromatics.?* This interaction occurred between P and M helices (red dotted
line between red NDIs). CH-=n Interactions were also observed within the lattice occurring
between the helices. The first CH—r interaction was identified between the H (c) of the P helices
and the core of the red NDI of M helices with a value of 3.43 A (blue dotted line). The triazole
linker 2 was also engaged in intermolecular CH—rx interactions with the H (a) proton of the

adjacent helix with a value of 3.38 A (violet dotted lines).
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Figure 111-14. Packing of foldamer G in the lattice: NDI-NDI z—= interaction 3.83 A (red dotted lines) and
3.45 A (orange dotted lines), CH—r interactions: 3.43 A (blue dotted lines), and 3.38 A (violet dotted lines). Alkyl
chains are omitted for clarity; Blue NDIs are in the same plane.

B.1.c. Analysis of reference compounds in solution

B.1.c.i. UV-vis absorption spectroscopy

A mixture of the reference compounds III-20/I11-21 and III-23/I11-24 was prepared
upon adding chloroform to the corresponding solids, in order to make rigorous comparisons
with foldamer mixtures. Regarding compounds III-20 (60 mM) and III-21 (60 mM), the
solution of the mixture exhibited a slightly different color (orange) in comparison to the solution
of each individual compound (Figure I11-15-Left). This was further confirmed by UV-visible
absorption spectroscopy, which shows a weak shoulder at 550 nm for [111-20] = [111-21] = 60
mM and a clear CT band at higher concentrations ([111-20] = [111-21] = 100 mM). On the other
hand, for compounds III-23 (80 mM) and I11-24 (80 mM), a suspension was obtained upon
adding the solvent on a mixture of both solids. This originates from the very low solubility of
compound III-23. The suspension was then diluted until complete solubilization and
concentrated to lead to a red solid. The latter was dissolved in a given volume affording a
solution with the desired concentration ([111-23] = [111-24] = 80 mM).

129



Chapter 3. Towards heteroduplexes based on z—functional foldamers
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Figure 111-15. Left. UV—vis absorption spectra of reference compounds 1I7-20 (60mM), 1I1-21 (60mM) and
their mixture (60 and 100 mM) in CHCls at RT. Right. UV-vis absorption spectra of reference compounds I17-23
(80 mM), 111-24 (80 mM) and their mixture ([111-23] = [111-24] = 80 mM) in CHCls at RT.

This sample displays a reddish color, indicating the occurrence of aromatic interactions
between the donor and the acceptor units (Figure I11-15-Right). This color change resulted
actually from the appearance of a strong charge—transfer absorption band around 520 nm, which
disappeared upon dilution. This indicates the dissociation of the charge transfer complex at low
concentration. The presence of two electroactive units in each compound, along with a
preorganization thanks to the V—shaped oligomer (Figure 111-16),%? promotes the formation of
the charge transfer complex. On the other hand, the absence of a charge transfer band for the
solutions of both III-20 and III-21 can be attributed to the presence of only one electroactive
unit in each compound and to the fact that no additional driving force takes place to enhance
the donor-acceptor contacts (e.g. hybridization of the foldamers). Thereby, the pre —organized
V —shape conformation of 111-23 and 111-24, as well as the number of electroactive units, favor

the formation of the DAN—-NDI associations.
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Figure 111-16. Representative chemical structures of V-shape of 111-23 and 111-24 and supramolecular polymer
of 111-20 and 111-21.

B.1.c.ii. NMR spectroscopy

A fast exchange at the NMR timescale was observed along the dilution experiments of
mixtures IT1-20/111-21 and IT1-23/111-24 in CDCls. A comparison between IT11-20 and ITI-21,
as well as their mixture, revealed slight variations in the chemical shifts of the amide and
aromatic protons (Figure 111-17—-Left). Notably, the aromatic protons of the electroactive units
of NDI and DAN displayed variations in the chemical shifts, indicating a modification of their
environment. Additionally, a small shift in the chemical shift (As = 0.04 ppm for *H NDI and
A8 = 0.06 ppm for *H DAN at 60 mM) was detected (Figure 111-17-Right). These observations
suggest the presence of weak aromatic interactions between the donor and acceptor, which are

constructed through stacking between the compounds, forming a supramolecular polymer.
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Figure 111-17. Left. Comparison between III-20 (60 mM) and I7I-21 (60 mM) and their mixture. Right.
Evolution of the *H NMR spectra of a solution of ZII-20 and III-21 upon dilution, and comparison with the
individual compounds at 1 mM (CDCls, 298 K, 300 MHz).

On the other hand, considering compounds I1I-23 and I11-24, the multiplicity of DAN
and NDI protons are not the same in comparison to compounds III-20 and III-21, which
indicates different arrangements and environments (Figure 111-18). This is consistent with the
UV-visible absorption observations. The evolutions of the chemical shifts of NDI protons as

reference suggests that there are more aromatic contacts in the case of I1I-23 and I11-24.
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Figure 111-18. Evolution of the *H NMR spectra of a solution of ITI-23 and ITI-24 (CDCls, 298 K, 300 MHz).
The concentration on the x axis corresponds to the concentration of each compound.
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B.1.d. Cross—hybridization between foldamers F and G
B.1.d.i. UV-visible absorption analysis

Foldamers F and G were combined in various solvents and at different concentrations
(such as CHCl3, CH2Cl,, C2H2Cls, THF, toluene, pyridine from 1 to 5 mM) and systematically
showed a color change. The latter was observed in cyclic polar, solvent such as THF, in non—
polar aromatic solvents, such as toluene, at low concentrations and in polar aromatic solvents,

such as pyridine (Table I11-1).

Solvents Results
CDClz/DCM/ TCE Reddish-pink solution
THF Pink suspension
Toluene Pale pink suspension
DMSO Orange solution
Pyridine Pink solution
Pyridine + Acetone Pink suspension
Pyridine + Acetonitrile Pink suspension
Nitrobenzene Pink solution
Nitromethane Yellow suspension
DMF Pink solution

Table I11-1. Mixtures of foldamers F and G in various solvents and the observations.

In THF and toluene, this color change was not pronounced due to the low solubility of
foldamer G in these solvents and therefore the low concentration achieved for the mixture. On
the other hand, the most pronounced color change was detected in chlorinated solvents, such as
dichloromethane, chloroform and 1,1,2,2—tetrachloroethane. In these solvents, the solution of
foldamers F (10 mM) and G (10 mM) displayed a reddish—pink color, which is distinct from
the colour of individual foldamers: beige for foldamer F and yellow for foldamer G. Up to the
literature,8190103.104 the formation of a CT complex between DAN and NDI moieties is
predominantly influenced by the solvent and in most cases driven by solvophobic effects. Our
system proves to be original in this regard, since the formation of CT complex was observed in
polar and apolar solvents. This assessment is especially true for chloroform which efficiently
solvates aromatic species. This demonstrates that the interactions between the donor and the
acceptor are driven by other forces, which may originate from the organized architectures due

to the presence of foldamer skeleton.
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In this context, chloroform was selected as the solvent of study for several reasons.
Firstly, chloroform is commonly used for the hybridization analysis of oligopyridine
dicarboxamide foldamers.® % Therefore, employing the same solvent for UV-visible
absorption and *H NMR studies will facilitate the comparison of the obtained results. Secondly,
its boiling point is moderate, allowing for heating up to 60°C, and evaporation under reduced

pressure after the analysis.

UV-visible absorption analyses were conducted on each foldamer alone and a solution
containing both foldamers, at concentrations lower than 5 mmol.L™ in chloroform. Hence, no
charge transfer absorption band was detected in diluted solutions. However, at higher
concentrations, a red solution of a mixture of foldamers F (60 mM) and G (60 mM) was
obtained, indicating the formation of charge transfer complexes between the donor and acceptor
moieties. This was confirmed by the appearance of a broad band around 520-530 nm (Figure
I11-19-Left). This result aligns with previously reported charge transfer complexes observed
between DANs and NDIs in the literature.!®1%7 Furthermore, the dilution of the mixture of
foldamers F and G at 60 mmol.L* demonstrated the disappearance of the charge transfer band,
and therefore, the absence of the charge transfer complex at low concentrations (Figure 111-19—
Right).8! This result can explain why we did not observe an evolution for the earlier experiments

of cross hybridization at low concentrations (between foldamers E and F paragraph 111.A.3).
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Figure 111-19. Left. UV-vis absorption spectra of foldamers F, G and their mixture (60 mM) in CHCls; at RT.
Right. Evolution of the absorption spectrum of a solution of foldamers F and G upon dilution (CHCls, 298 K),
the evolution of the absorption at 520 nm as function of the concentration.

With regard to variable—concentration UV-visible absorption spectroscopy, it seems
important to mention that foldamers present a behavior that is comparable to reference
compounds I11-23 and 111-24, and different from 111-20 and 111-21. This highlights the effect

of pre—organization in orienting functional units and promoting D—A contacts.
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D—A interactions between the donor unit DAN and the acceptor unit NDI can occur
through the hybridization of both helices, resulting in the formation of the desired heteroduplex.
Alternatively, they can take place through interactions between single helices, leading to the
formation of a supramolecular polymer composed of inter—connected single helices (Figure 11—
20). Therefore, in order to identify the supramolecular arrangement occurring in solution and
leading to the formation of the charge transfer complex, *H NMR spectroscopy analyses were
led.

el

5 5
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Heteroduplex n Supramolecular polymer

?

Figure 111-20. Suggestion for the arrangement of foldamers F and G in solution.

B.1.d.ii. 'H NMR spectroscopy analysis
B.1.d.ii.1) Preparation and analysis of the sample

In order to minimize errors and achieve the most accurate concentration measurement,
foldamers F (60 mM) and G (60 mM) were directly weighed into the NMR tube and the powder
was dissolved in a given volume of deuterated chloroform to obtain the desired concentration
at room temperature. The evolution of the *H NMR spectra of the mixture of foldamers F and
G upon dilution revealed the presence of a single set of signals for amide protons, which are in
fast exchange at the *H NMR timescale. At high and low concentrations, these signals (10.69
(2H), 10.52 (4H), 10.29 (4H), 10.07 (2H), 8.95 (2H) and 8.83 ppm (2H)) integrated for 16
protons corresponding to the amide protons of the single helical structure of both foldamers
(Figure 111-21). These observations and the lack of a second set of signals, demonstrated that
the formation of CT complex did not take place through hybridization, but through the
formation of a supramolecular polymer: singles helices interact together through aromatic
interactions between functional units. Furthermore, the aromatic protons of DAN and NDI
exhibited upfield shifts at high concentration indicating once again DA interactions, which is
consistent with the expected ring current effects for face to face stacking between D and A

chromophores.2 A 'H NMR DOSY experiment showed the presence of enormous species
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(hydrodynamic radius estimated to 33.2 A) for this mixture (Figure 111-21). This suggests that
discrete objects, such as single and double helices, are not formed. Instead, the intermolecular
interactions enforce the formation of larger aggregates with a lower diffusion coefficient (1.15

x 1019m2.s).
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Figure 111-21. Evolution of the *H NMR spectra and *H NMR DOSY experiment of a solution of foldamers F
(60 mM) and G (60mM) in CDCl3 (298 K, 300 MHz).

As a consequence, the results obtained from UV-visible absorption, 1D and 2D NMR

spectroscopies confirmed the formation of a charge transfer complex through donor—acceptor
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interactions together with the formation of a supramolecular polymer (NMR studies). These
observations constitute an interesting result to explore in the future. However, our main goal
consisted in elaborating heteroduplexes through hybridization. Thereby, we dedicated much
effort to identify the parameters allowing to shift the ‘single-to—double helix’ equilibrium, and
form heteroduplexes. Given the size of these architectures and the possibility for steric
hindrance to impede hybridization, we considered the possibility that the sample’s history could
be significant and that we might be dealing with an out of equilibrium system.

B.1.d.ii.2) Towards out of equilibrium system

All the results presented above were obtained by direct dispersions of foldamers isolated
by silica gel chromatography or recycling SEC HPLC. These experiments were led using the
initial batches of solids obtained after synthesis. Given the surprising results we obtained, i.e.
lack of foldamer hybridization, the experiments were repeated using samples that had been
diluted before to test the importance of their chemical history. Therefore, we took the same
sample, transferred it to a flask, evaporated the solvent on the rotavapor (temperature 45°C),
and prepared a solution by dissolving the red corresponding powder in a given volume of
CDCls. The *H NMR spectra recorded after this second dispersion experiment revealed major
differences in terms of composition. Indeed, two species in slow equilibrium at the NMR
timescale could be detected (Figure 111-22). In particular, new signals appeared in the 9.0-10.0
ppm range, which translates the formation of double helical structures.'® The *H NMR DOSY
experiment showed three populations displaying significantly smaller hydrodynamic radius
(18.5 A), in comparison to the one measured for the mixture after the first dispersion. An
estimation of their hydrodynamic radii showed that their sizes are consistent with single (13.9
A) and double helical structures (18.5 A).
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Figure 111-22. Evolution of the *H NMR spectra and *H NMR DOSY experiment of the same solution of
foldamers F (60 mM) and G (60 mM) upon the second dispersion in CDCl; (298 K, 300 MHz).

2D NMR spectroscopy was also involved in order to investigate the specific *H/*H
contacts between DAN and NDI. The NOESY spectrum of a solution of foldamers F and G at
60 mmol.L™! highlights coupling between the aromatic protons of NDIs and Hc and He’ of
DAN units (Figure 111-23). No additional interaction was observed for Ha,a’ and Hb,b’. This
lack of interactions may be attributed to the intricate structure of the foldamers and the presence
of numerous aromatic protons of pyridine rings, which may complicate the analysis. This differs
from other examples reported in the literature where the structures of NDI and DAN are less
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complex, resulting in H/H contacts between NDI and DAN aromatic protons being observed

consistently.5®

NDI protons

DAN protons (He,c') DAN protons (Ha,a')
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Figure I11-23. H/H contact between DAN and NDI aromatic protons by NOE spectroscopy (F (60 mM) and G
(60 mM) in CDCls).

These unexpected results suggest that heteroduplex formation may be favored after a
second dispersion. This rapidly raised the question of whether the same applies to each foldamer
alone. Hence, by analogy to the analysis conducted on the mixture of foldamers F and G,
solutions of individual foldamers F and G were prepared from as—synthesized batches, directly

in the NMR tube at a high concentration of 80 mmol.L™ and at room temperature.

The 'H NMR spectra of solution of foldamer F, revealed the presence of one set of
signals for the amide protons of foldamer F, which are in fast equilibrium at the NMR timescale
and integrate for 8 protons (80 mM: 10.73 (2H), 10.55 (2H), 10.31 (2H) and 8.99 (2H) ppm vs
0.5 mM: 10.76 (2H), 10.57 (2H), 10.35 (2H) and 8.97 (2H) ppm) (Figure 111-24—Left). These
observations evidence the absence of double helical structures. However, when performing a
second dilution experiment on the same batch (after concentration in vacuo), two distinct sets
of signals were observed for the amide protons indicating the occurrence of a slow equilibrium
between single and double helices in solution (Figure Il1-24-Right). Interestingly, the
percentage of double helix increased from approximately 0 % in the first dilution to 40 % in the

second one.
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Figure 111-24. Left. First dispersion of foldamer F (80 mM). Right. Second dispersion of foldamer F (85 mM) in
CDCls3 (298 K, 300 MHz).

The first dilution of foldamer G highlighted the occurrence of two equilibrium: a fast
one, indicating the formation of a supramolecular polymer through interactions between single
helices, and a slow equilibrium, with a second set of signals appearing at high concentrations
and revealing the presence of double helices (Figure 111-25-Left). The formation of double
helices is very pronounced during the second dilution; the percentage of double helix increased
from 22 % in the first dilution to 48 % in the second one (Figure I11-25-Right).
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Figure I11-25. Left. First dispersion of foldamer G (80 mM) and the evolution of the percentage of SH vs DH as
function of the concentration. Right. Second dispersion of foldamer G and the evolution of SH vs DH as function
of concentration (CDCls, 298 K, 300 MHz).

In order to assign these signals, a comparison was made between the spectra of
foldamers F and G individually and a mixture of both foldamers at a concentration of 60
mmol.L™ (Figure 111-26). This comparison indicated that the second set of signals in the
mixture did not correspond to the second set of signals of either duplex F2 or duplex G, and
specifically when considering the aromatic protons of the chromophores. Therefore, it can be

concluded that the second set observed in the mixture corresponds to the formation of new
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species in solution that were not present when the foldamers were analysed individually. Given
the results obtained from mass spectrometry, *H NMR and DOSY experiments, it appears
reasonable to state that heteroduplexes were formed through the hybridization of

complementary strands F and G.
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WM

Fold. F (30 mM) + Fold. G (30 mM) \JU
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Figure I11-26. Comparison between foldamers F (60 mM), G (60 mM) and their mixture at 30 and 60 mM
(CDCls3, 298 K, 300 MHz).

Making a comparison with the reference compounds, the variations of the chemical
shifts of NDI protons are bigger (Figure 111-27), which may reflect the contribution of the
foldamer skeleton in favoring the contact between the donor and the acceptor.

0.20 1 v
® |II-20 + 1I-21 (*H NDI)
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Figure 111-27. Comparison of the evolution of the chemical shift of a NDI proton between the mixture of
reference compounds (111-20/111-21 and 111-23/111-24) and the mixture of foldamers F and G as function of the
concentration.
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B.1.d.ii.3) ESI-MS

To study the formation of duplexes by ElectroSpray lonization mass spectrometry (ESI-
MS), a solution containing both F and G was prepared using a 1/1 DCM/ACN mixture targeting
a concentration C = [F] = [G] = 5 mmol.L™%. Unfortunately, this led to a precipitation
phenomenon, which impeded further measurements. In order to work at sufficiently high
concentrations and circumvent the solubility issue, we envisaged the possibility to introduce
additives, namely tetrabutylammonium chloride (n—BusNCI, 0.5 eq.) and copper (1) sulfate.
Forming anion complexes through hydrogen bonds with chloride or cation complexes with Cu?*
indeed appeared as a track to improve the solubility of the foldamers and incidentally generate
charged species. In this manner, F*G+2 Cu* and F+G+2 CI" were detected in the positive and

negative modes, which constitutes another valuable hint regarding the kind of supramolecular
structures formed from F and G.

Altogether, these results show that the behavior of these foldamers strongly depends on
the chemical history of the samples. Consequently, the system does not reach the

thermodynamic equilibrium. In other words, these foldamers are under kinetic control.
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Figure 111-28. ESI MS of heteroduplex foldamers F and G in the presence of copper sulfate and n—BusNCI
(positive and negative mode). Left: simulations and right: experiments.

B.2. Understanding the kinetics of an out-of-equilibrium system
B.2.a. Introduction

In the literature, molecules under kinetic control are well-known in the field of
supramolecular polymerization.1%®-112 This concept leads to introduce a new term defined as
‘pathway complexity’, a notion that arises when a given molecular building block engaged in
multiple competing pathways.%®3-117 |n general, when molecules self-assemble and organize
themselves into the most stable supramolecular system, the thermodynamic equilibrium is
reached (Figure 111-29).28122 However, when non-covalent interactions interfere in the
process of the self—assembly and generate a high energy barrier, the chemical system may not
reach the most stable organization. This leads to kinetically—trapped or metastable state, where
the molecules are trapped in a local minimum of the energy landscape. At a given temperature,
metastable states slowly evolve towards the ground state, while the composition of kinetically—
trapped systems does not evolve because of a particularly high activation energy. These states
can be defined as non—dissipative, because they are confined in a local minimum of the energy
landscape and need an energy of activation to shift from a state to another one. On the other
hand, dissipative non—equilibrium state needs a continuous flux of energy or matter (such as
chemical fuel or light for example) to inhibit the relaxation into the minimum energy landscape,

because there is relatively no energy activation barrier to overcome,109-111.113.117
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Figure 111-29. Different states of the energy landscape: thermodynamic and the non—equilibrium states.'%

Different strategies for controlling pathways in self-assembly were employed. These
are based on as the so—called internal and external forces.1%91311¢ |nternal forces rely on the
construction of the building blocks such as the length,*?>127 and the placement of functional
groups. These factors can give rise to additional attractive or repulsive interactions.!2-134
Specifically, these forces have often depended on the competition between inter— and
intramolecular hydrogen bonding.}®-145 Furthermore, the external factors that control the
kinetic pathways and depend from internal forces could be summarized as temperature and
cooling rate, '35 concentration, %47 solvent composition,1*31°  time,!%01%! and pH

responsive monomers or guests,109:152-156

Consequently, a number of physico—chemical parameters may influence the
composition of the medium. The following paragraph (8111.B.2.b.) describes our efforts to
assess the influence of concentration, temperature, and time on the behavior of foldamers in
solution. At this stage, one will note that foldamer G was selected for these experiments due to
its large available quantity. In addition, a comprehensive study also aimed at identifying the
structural parameters that are responsible for the formation of kinetically—trapped species. The

corresponding results are discussed in paragraph §111.B.3.

B.2.b. Analysis of kinetic parameters on foldamer G

The experiments described in SIII.B.1.d. show that our foldamers are kinetically—
trapped as single helices along the first dilution, and that somehow, an activation barrier has
been overcome between the first and the second dispersion, making the formation of double
helices possible. In this context, the physico—chemical history of the samples appears critical.

Hence, the reader should probably have in mind to which events were subjected the samples:

1) the foldamers were isolated through silica gel chromatography and then, by recycling HPLC
(eluent: CHCI3 stabilized over ethanol); 2) the chloroform was evaporated under vacuum (bath
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temperature ~ 45 °C); 3) a first concentrated solution (C ~ 80 mM, solvent CDCls, solid before
liquid) was prepared before performing the first dilution experiment; 4) all the solutions were
gathered and concentrated in vacuo, T ~ 45°C; 5) the corresponding solid was dispersed in

deuterated chloroform (C ~ 80 mM) for the second dispersion experiment.

B.2.b.i. Effect of the concentration

Since we suspected that foldamers could be trapped in the single helical state because of
supramolecular polymerization through aromatic interactions (Figure 111-21,Figure Il1-
24,Figure 111-25), we decided to study the impact of the sample history at different
concentrations. To do so, solutions of foldamer G (from the same batch) were prepared in
deuterated chloroform at the following concentrations: 0.5, 1.0, 10, 40 and 80 mM. The H
NMR spectra of these solutions were recorded, the samples were diluted down to 0.1 mM and
separately concentrated in vacuo in the same conditions (45°C). The corresponding solids were
dispersed a second time in deuterated chloroform at the same concentrations and the *H NMR
spectra were recorded a second time.

When comparing the spectra recorded at a concentration of 40 mM or lower, no
significant variation was observed (Figure I11-30-Left), which indicates that the foldamer
strands remain in the single helical state. For the most concentrated solution (80 mM), the
situation proved different (Figure 111-30-Right): new signals appeared in the 9.75-9.00 ppm
range, which is expected along the formation of double helical structures. Since the
concentration of double helix appears relatively high at 80 mM (2" measurement), and that 40
and 80 mM concentrations have the same order of magnitude, it appears rational to consider
that at concentrations of 40 mM and below, the concentration is simply not high enough to shift
the equilibrium towards the double helical structure. In this context, the dilution experiments
presented in Figure 111-25 are especially interesting, since it evidences the presence of double
helices at concentrations down to 20 mM for a solution, which was diluted for the second time.
This observation, which may seem contradictory at first, actually suggests that the kinetics of
dissociation of the double helix were actually too slow along the dilution experiment to reach
the equilibrium and fully dissociate the double helices. This also raises an important question:
did we observe the double helix signals in the concentrated solutions because the concentration
was sufficiently high to shift the equilibrium OR, were these double helices observed because
they are formed at very high concentrations (when concentrating the samples in vacuo) but did

not have the time to dissociate?
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Figure 111-30. Evolution of the *H NMR spectra of foldamer G at 40 mM (left) and at 80 mM (right) under
different conditions (CDCls, 298 K, 300 MHz).

B.2.b.i.1) Impact of time and temperature at high concentration

To answer the question concluding paragraph 8B.2.b.i, the evolution of the
concentrations of single and double helices was studied as a function of time and temperature

for an 80 mM solution of foldamer G dispersed in deuterated chloroform for the second time.

In this context, we first measured the *H NMR spectrum of this solution after 24 hours
at room temperature (~ 20°C) and then, upon heating at 45°C (Figure 111-31). While no
significant variation was observed at room temperature, modest but significant variations were
evidenced at 45°C. Indeed, the integrals of the signals assigned to the double helical state
slightly increased (from 33 % to 39 % estimated by integration of single and double helical
signals), which suggests that heating the samples at this temperature is actually enough to make
this ‘apparently frozen system at room temperature’ dynamic. Therefore, it appears reasonable
to state that the double helix signals observed after the second dispersion process are not solely
the result from double helices formed at higher concentrations along the evaporation process

(before the second dispersion), but are indeed stable in these experimental conditions.
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Figure 111-31. Evolution of the 'H NMR spectra of foldamer G at 80 mM after 5 minutes and 24 hours at RT,
and upon heating at 45°C as function of time (CDCls, 298 K, 300 MHz).

B.2.b.i.2) Effect of the evaporation process

Through paragraphs §B.2.b.i and 8B.1.a.ii, it was shown that: 1) double helices were
observed after the second dispersion, on condition that the concentration of G reaches 80 mM
in CDCl3s; 2) the kinetics of association and dissociation of helical strands in these conditions
are slow (kinetically—trapped at room temperature, and metastable at 45°C); 3) the maximum
measured concentration of double helix in these conditions corresponded to 39 % of the total

foldamer concentration.
Thereby, we anticipated three important points:

- First, that reaching higher concentrations at sufficiently high temperatures could lead to
higher concentrations of double helices;

- That asolution at room temperature and containing a high concentration of double helix
would remain quite a long time out of equilibrium given the observed slow kinetics of
association—dissociation;

- And hence, that concentrating the samples under vacuum and upon heating would allow
for preparing samples displaying higher concentrations of double helices. Presumably,

such observations could also be made from solutions prepared at higher concentrations,
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but the required amount of compound is already very important at 80 mM (for V =0.4

mL and foldamer G (M = 2060 g.mol?), the necessary weight is 66 mg).

With this in mind, a mother solution of foldamer G (first dispersion in CDCls after
isolation) was prepared at a concentration of 80 mM. This solution was divided into two
samples, named A and B ([G] = 80 mM), which were subsequently diluted with chloroform
down to 1 x 108 mmol.L™ to ensure the full dissociation of double helices and supramolecular
polymers. For solution A, chloroform was evaporated under vacuum using a rotavapor and a
water bath set at 20°C. For solution B, the same process was followed with a water bath set at
45°C (the evaporation time was significantly shorter). The corresponding solids were
subsequently dispersed in deuterated chloroform to afford 80 mM solutions, which were
directly analysed by *H NMR spectroscopy. For solution A, the percentage of double helices
increased from 22 % for the mother solution to 27 % after evaporation at 20°C. For solution B,
this percentage increased up to 50 % after evaporation at 45°C (Figure 111-32). This result
confirmed our initial assumptions: increased concentrations of double helices may be reached
at higher concentrations on condition that samples are heated to surpass the activation barrier

that makes the system kinetically—trapped at room temperature.

Solution B (45°C)
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Solution A (20°C)
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105 100 95 90 85 80 75 7.0
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Figure 111-32. Evolution of the *H NMR spectra of foldamer G at 80 mM when evaporating without heating at
20°C (solution A) and with heating at 45°C (solution B) (CDCls, 300 MHz).
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In order to assess the impact of the dilution step that was led before concentration under
vacuum, similar tests ([G] = 80 mM, solvent: CDCl3) were performed in NMR tubes without
prior dilution. Chloroform was evaporated at 20°C and 45°C for tubes A and B, respectively.
As far as the corresponding solids are concerned, these prove to have different colors: A was
pale yellow, while B was substantially darker. One will note that such a difference could arise

from different packing (H or J aggregate!®’), as previously evidenced by Banerjee et al.**8

When dissolving the corresponding solids in deuterated chloroform, a major difference
was observed: in tube A, the percentage of double helix increased by 5 % in comparison to the
initial solution, while it increased by about 30 % for the heated sample (Figure 111-33). By
comparing these results with those obtained after dilution and concentration under vacuum, this
experiment shows that the dilution step, which had for objective to dissociate aggregates, does
not have a major impact on the composition of the medium and hence, in the sample history.
Consequently, temperature and time appear as critical parameters to control the hybridization
process and hence, the sample composition.

Solution B (45°C)
SH/DH 48/52

Solution A (20°C)
SH/DH 73/27

W 00000C

Mother solution (RT)
SH/DH 78/22

H,0

W 0000

105 100 95 90 85 80 75 70 65 60 55 50
Chemical shift (ppm)

Figure 111-33. Evolution of the *H NMR spectra of foldamer G at 80 mM when evaporating directly in the NMR
tube at 20°C (without heating — solution A) and with heating at 45°C (solution B) (CDCls, 298 K, 300 MHz).
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B.3. Understanding the kinetic trapping from a structural point of
view

B.3.a. Research hypothesis

As demonstrated through paragraph 8B.2, the behavior of these helical foldamers
largely depends on kinetic parameters: indeed, these species do not reach the thermodynamic
equilibrium at room temperature. In this context, we decided to dedicate efforts to identify the

structural parameters impeding this system from reaching the equilibrium.

As reported in the literature,!**11® out—of—equilibrium systems may be obtained because
of intra— and/or intermolecular interactions. Indeed, non—covalent bonds may lead to the
formation of inactive species that prevent the rapid formation of the thermodynamic products.
In our case, it is noteworthy that the non—dissipative non—equilibrium state of these foldamers
is kinetically trapped, because the system requires an additional ‘help’, i.e. heating, to escape
its trap. Indeed, our foldamers are not in a metastable state, which would evolve towards the
most stable one with time, on condition that the activation barrier from the metastable state to

the thermodynamic state can be surpassed thanks to thermal energy.

Since such a behavior had never been reported for short oligomers, %1921 we presumed
that the foldamer skeleton could not be responsible for the observation of a kinetically trapped
state and therefore, that the distinguishing features of these foldamers, i.e. the presence of
triazole rings and electroactive moieties was behind these unexpected results. On this ground,

three lines of enquiry were explored:

1) The formation of a supramolecular polymer through n—=m interactions between
electroactive units could prevent hybridization;

2) The presence of a strong intramolecular or intermolecular ©—r interactions between
the electroactive units and the pyridyl rings of the foldamer skeleton could lead to
kinetically—trapped state;

3) Since triazole is known as hydrogen bond donor, this ring could be involved into

hydrogen bonds and hence, lead to the formation of inactive species.

In this context, the following paragraphs describe our efforts to understand the behavior
of these out—of—equilibrium foldamers. To do so, two strategies appeared complementary: the
first one consists in a careful examination of the obtained crystallographic structures (8B.3.b)

and the second one lies on the synthesis and characterizations of control compounds (8B.3.c).
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B.3.b. Overview on the crystallographic structures

Reviewing the obtained crystallographic structures (Figure I111-8, I11-Figure 111-9, Figure
I11-13), we observed that intermolecular aromatic interactions take place between NDI units of
adjacent helices in the case of foldamer G. This observation aligns with our first hypothesis,
which lies on the formation of kinetically trapped foldamer—based supramolecular polymers
through interactions between electroactive units. Furthermore, intramolecular aromatic
interactions were also detected in the X-ray crystal structure of foldamer G between an
electroactive NDI unit and a pyridyl ring of the adjacent helix. This interaction was also
detected within foldamer E and compound III-21, both in an intra and intermolecular manner.
This finding matches with the second hypothesis (interactions between electroactive units and

foldamer skeleton).

On the contrary, all the crystallographic structures obtained from this family of foldamers
show the presence of a seven—-membered pseudo—cycle formed by intramolecular hydrogen
bond. The formation of this pseudo cycle involves the hydrogen atom of the triazole linker and
the oxygen atom of the closest amide function, with values of 2.57, 2.52 and 2.87 A for
foldamers E, F and G, respectively (Figure 111-34). These observations align with the third
hypothesis and make this hypothesis quite convincing. In this context, it seems reasonable to
consider that the formation of these stabilized pseudo—cycles hinders the hybridization process.
This also explains why heating, i.e. weakening this hydrogen bond, leads to increased

concentrations of double helical structures.
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Figure 111-34. Crystallographic structures of foldamers E, F and G and the representative intramolecular
hydrogen bonds forming a seven—-membered pseudo—cycle.
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B.3.c. Understanding kinetically—trapped foldamers through a structural
approach

In order to understand the structural parameters governing the kinetic trapping of our
foldamers, foldamer B was selected, as it lacks both the triazole and electroactive units, while
foldamer H (Scheme 111-17) was chosen because it only contains triazole linkers. Designing an
electroactive foldamer, endowed with triazole rings but unable to form the seven—-membered
pseudo—cycle through hydrogen bond also appeared exciting. This is the reason why foldamer
Jand K (Scheme 111-17) were also synthesized and characterized. By adding a methylene group
between the triazole ring and the closest amide function, one can indeed expect the absence or

the weakening of the corresponding intramolecular hydrogen bond.
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Scheme I11-17. Chemical structures of foldamers B, H, J and K.
B.3.c.i. Synthesis
B.3.c.i.1) Synthesis of foldamer H

Foldamer H was prepared in two steps from foldamer B. 1-Azidopropane 111-25 was
obtained from 1-bromopropane in the presence of sodium azide in a mixture of THF/H.0 to
reflux.1®® Then, foldamer H was obtained through CUAAC reaction between B and azide 111—
25 with a yield of 65 % (Scheme 111-18).
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Foldamer B
CuS0O,
\ Sodium ascorbate
DCM/DMSO 1/1
N3 65 %
-25
OiBu QiBu QiBu QiBu
Foldamer H

Scheme 111-18. Synthesis of foldamer H.
B.3.c.i.2) Synthesis of foldamer J and K

To synthesise bis(alkyne) I, carboxylic acid 111-3 was first activated into its acid
chloride analogue with Ghosez reagent. The addition of a solution of but-3—-yn—1-amine and
dry DIPEA in dry THF subsequently allowed the formation of 111-26, which was isolated with
a yield of 80 % (Scheme 111-19). The amine function of 111-26 was deprotected in the presence
of trifluoroacetic acid to yield quantitatively 111-27. Eventually, the latter was added to the acid

chloride obtained from I11-2 to afford foldamer I with a yield of 64 %.

>L o) /@\ 0 o _ TFA, DCM f]\ el 0 P
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QJ'LN \N N ,NI N/\// g HN \N H z | H/\//
H H ~ H ~
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Y
-
\|4KT \\/\NHz

Dry DCM, Ar | Dry DIPEA, dry THF cl
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>L JL N N
0~ "N N7 N z OH
H I

H
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OiBu OiBu OiBu OiBu

ﬂ&&rﬁlﬁrﬂp«

Foldamer 1

Scheme 111-19. Synthetic scheme of foldamer 1.

The grafting process of NDI and DAN units was finally achieved through CUAAC
reaction between foldamer I and azides 111-19 and 111-17 to give foldamers J and K with 85
and 81 % of yield, respectively (Scheme 111-20).
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Scheme 111-20. Synthesis of foldamers J and K via CuUAAC reaction.

B.3.c.ii. Solid state analysis of foldamer H

Monocrystals of foldamer H in its single helical state were obtained by slow evaporation
from a solution of DMSO in a triclinic P-1 space group. The polar cavity accommodates two
DMSO molecules within the foldamer skeleton through hydrogen bonds between the oxygen
atom of DMSO molecules and the hydrogen atoms of two amide functions at the extremities
with values ranging from 1.97 to 2.37 A. Aromatic interactions were detected between pyridyl
units and defined a helix pitch of 3.69 A. A weak hydrogen bond of 2.96 A was detected
between H (1) and the oxygen atom O (a) of the adjacent amide function (see Scheme 111-18),
which forms a seven—-membered pseudo—cycle (Figure 111-35-a). Furthermore, intermolecular
hydrogen bonds were detected between H (1) of the triazole function and the oxygen atom O
(d) of the adjacent helix with a value of 2.55 A (green dotted lines) and H (2) and O (b) with a
value of 2.54 A (blue dotted lines — Figure 111-35-b). It is noteworthy that both triazole groups
are perpendicular to the foldamer skeleton unlike the cases of electroactive foldamers
specifically NDls, for which the orientation of the triazole group depends from the interactions

between the electroactive units.
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1

Figure 111-35. a) X—ray crystal structure of foldamer H obtained by slow evaporation from a solution of DMSO,
which contains two DMSO molecules, b) Packing of foldamer H in the lattice. Hydrogen bonds of 2.55 A (green
dotted lines) and 2.54 A (blue dotted lines) are represented. M helices and isobutoxy chains are omitted for
clarity.

B.3.c.iii. Analysis in solution
B.3.c.iii.1) Foldamer B and I (lacking electroactive unit)

A single set of signals was observed by *H NMR spectroscopy (300 MHz) for solutions
of foldamers B and | whatever the concentration. This underlines their very low propensities B
(Figure 111-36 and Figure 111-37) to form duplexes (very weak signals appeared at 80 mM). No
variation was detected between the first and the second dilutions that were performed. 'H NMR
DOSY experiments led on B, confirmed the presence of the same species in solution during
both the first and second dispersion, as evidenced by the consistent diffusion coefficient
obtained for each (D = 3.79 x 10°m?s, R, = 10.10 A). This value corresponds to the presence
of single helical form in solution at these concentrations. These observations confirm that the
foldamer skeleton alone does not play a significant role in the formation of kinetically—trapped

molecules.
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Figure 111-36. Left. First dispersion. Right. Second dispersion of foldamer B at 80 mM
(CDCls, 298 K, 300 MHz).
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Figure 111-37. Left. First dispersion. Right. Second dispersion of foldamer I at 80 mM
(CDCls, 298 K, 300 MHz).
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B.3.c.iii.2) Foldamer H

The dynamics of foldamer H in solution was studied following the same methodology.
The first dilution, conducted in CDCls, showed the presence of two sets of signals at high
concentration (76.6 mM): the most intense one clearly corresponds to the single helical state,
while a very broad signal at ca 10.2 ppm, which could be assigned to double helices, is observed

but cannot be accurately integrated (Figure 111-38).

Noteworthily, the 'H NMR spectra recorded at high concentrations along a second
dilution experiment (led with the same batch after evaporation under vacuum and dispersion in
CDCIs) showed the presence of two sets of signals, which correspond to single and double
helices. Diluting these samples led to the disappearance of the second set of signals, which
indicates that double helices get dissociated. Thereby, these experiments show that foldamer H
did not reach the thermodynamic equilibrium in these conditions and thus, highlight the

important role of triazole into the observed kinetically—trapped state.

1mM 1mM
L . J_IHAL
20 mM 20m
40 mM 40 mM
TR 'V G Y
60 mM 60 mM
76 mM 76 mM
11.0 10.5 10.0 9.5 9.0 85 8.0 7.5 7.0 11.010.510.0 9.5 9.0 85 80 7.5 7.0
Chemical shift (ppm) Chemical shift (ppm)

Figure 111-38. Left. First dispersion. Right. Second dispersion of foldamer H at 76 mM
(CDCls, 298 K, 300 MHz).
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B.3.c.iii.3) Foldamer J and K
e Variable—concentration *H NMR spectroscopy

The behaviors of foldamers J and K in solution were first studied through variable—
concentration *H NMR experiments (80 mM, CDClIs), by analogy to the previously clicked
foldamers. Regarding foldamer J, no additional set of signals was observed between the first
and the second dispersion experiment. Surprisingly, this foldamer did not exhibit any
hybridization in either the first or the second experiment (Figure 111-39). 'H NMR DOSY
experiment shows a hydrodynamic radius (13.5 A) comparable to that obtain for the previous
foldamers as single helices. On the contrary, foldamer K hybridizes in both the first and the

second one, with higher percentage for the double helices during the first dispersion.

These experiments led us to consider three hypotheses for foldamer J: 1) foldamer J
reaches the thermodynamic equilibrium , there is no kinetically—trapped state for this foldamer
and J displays a very weak dimerization constant; 2) foldamer J is Kinetically—trapped in a state
because of a particularly high energetical barrier, which would require high temperatures to
escape from this state; 3) the hybridization equilibrium of foldamer J is fast at the NMR
timescale, which prevents the observation of two distinct sets for single and double helices.

1 mM 1 mM

| U Jh Jh
20 mM
_M_AMJU;

F

20 mM

40 mM M 40 mM

JLL_m J_A_fMMUL

60 mM JJ’\JL 60 mM

80 mM l ‘ 80 mM

10.5 10.0 95 9.0 85 80 7.5 7.0 10.5 10.0 95 9.0 85 80 7.5 7.0
Chemical shift (ppm) Chemical shift (ppm)

Figure 111-39. Left. First dispersion. Right. Second dispersion of foldamer J at 80 mM
(CDCls, 298 K, 300 MHz).
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Figure 111-40. Left. First dispersion. Right. Second dispersion of foldamer K at 80 mM
(CDCls, 298 K, 300 MHz).

e Impact of thermal energy

The previous analyses were conducted using a 300 MHz NMR spectrometer. Due to the
possibility of fast exchange at the NMR timescale for foldamer J, further studies were

performed using a spectrometer displaying a higher frequency (500 MHz).

Hypothesizing that foldamer J could also be trapped in a kinetically—trapped state, a
solution of J (80 mM, CDCls) was heated at 45°C for few hours and *H NMR spectra were
periodically recorded (Figure I111-41). No significant variation was observed and specifically,
no second set of signals appeared, which indicates that this foldamer did not undergo
hybridization, even upon heating for hours. It is noteworthy that one amide proton (6 = 9.66
ppm) undergoes broadening upon heating. However, no variation in integration was detected.
This indicates that heating to 45°C does not influence the behavior of foldamer J and therefore,

that analyses at higher temperature may be of interest.
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Figure 111-41. Evolution of the 'H NMR spectra of foldamer J (80 mM) at 45°C as function of time
(CDCls, 318 K, 500 MHz).

In order to reach higher temperature, a solution of foldamer J was prepared in deuterated
1,1,2,2—tetrachloroethane at 75 mM. At 20°C, one set of signals is also observed for the amide
protons. Upon heating up to 120°C, progressive variations of chemical shift (i.e. fast exchange)
were observed, resulting either from intermolecular contacts between helical structures or
between the foldamer host and water molecules. On the other hand, new signals were not
observed in the 9.7-8.5 ppm range, which indicates that hybridization does not take place, even
upon heating. On the contrary, new signals did appear in this range of chemical shifts at very
low temperature (—20°C — Figure 111-42). This suggests that double helices may be formed at
low temperatures and thus, that the dimerization constant was particularly low for foldamer J
in TCE, and/or that the single—to—double helix equilibrium is fast at the NMR timescale at room
temperature. Additionally, one could consider also that this foldamer may be kinetically trapped
with a very high—energy barrier, and so that, heating at 120°C in TCE is not sufficient to make

the system dynamic.
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Figure 111-42. Evolution of the 'H NMR spectra of foldamer J (75 mM) at different temperatures
(C2D,Cly4, 500 MHz).

The analysis of the reference foldamers brings out significant insights, which helps
understanding the behavior of these clickable foldamers in solution. The precursor foldamers
B and I that lack both triazole and electroactive units, exhibited reproducible dilutions and the
corresponding solutions were not affected by the sample preparation protocols. On the contrary,
foldamer H is under kinetic control and its behavior depends from the sample preparation

protocols.

The study of foldamers J and K demonstrates the important effect of incorporating one
carbon atom to the foldamer skeleton on the behavior of this foldamer in solution. Hence,
comparing foldamer J with one additional carbon atom to its analogous foldamer G, which
contains the methylene linker instead of the ethylene one, highlighted the impact of the seven—
membered pseudo cycle formed for foldamer G. This suggests that the most plausible
explanation is that the triazole linker is at the origin of the Kkinetic trapping phenomenon. On
the other hand, foldamer J does not exhibit any hybridization ability, which remains a puzzling
observation. This might indicate that we have possibly understood the contribution of the
triazole ring. Nevertheless, introducing a more flexible linker may have rendered this system
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kinetically trapped through intramolecular interactions between NDI units and foldamer

skeleton.

As a consequence, the formation of a seven—-membered pseudo—cycle by intramolecular
hydrogen bonds renders foldamers inactive as single helices, which explains the formation of a
supramolecular polymer during the first dilution. Then, the heating effect breaks these
intramolecular hydrogen bonds, making foldamers active and allowing the hybridization

phenomenon.

IV. Pyrene and NDI: a new pair of D-A functionalized foldamers

As explained in the introduction of Chapter 3 (§1.D.2), another donor—acceptor pair, the
‘pyrene—naphthalene diimide’ one, held our attention along the PhD time. This work was led in
parallel to the complex physico—chemical study led with the DAN- and NDI-containing
foldamers. Though much remains to be done, it appeared relevant to present the corresponding
preliminary results that we consider original and exciting for the future. In our opinion, this is
especially true with regard to the luminescent properties of these foldamers, which will be

studied in a near future.

A. Synthesis of pyrene—functionalized foldamer L

Azidomethylpyrene 111-28 was obtained quantitatively after nucleophilic substitution
between sodium azide and the commercially available 1-(bromomethyl)pyrene in DMF. Then,
copper—catalyzed azide—alkyne cycloaddition was performed between bis(alkyne) B and ITI-
28 to afford foldamer L with a yield of 88 % (Scheme 111-21).

OiBu 0iBu 0iBu oiBu
~ = =~ ~
~ H I H H l H H 1 H H Nl v =
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N3
6 CuSQy
O O Sodium ascorbate
Q DCM/DMSO 1/1
O 88 % O
O 1-28 O

'O OiBu OiBu OiBu oiBu OO

N N

I R T B I R W B T B B LS K T
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Scheme I11-21. Synthesis of foldamer L.
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B. Analysis of foldamer L in solution by *H NMR spectroscopy

By analogy to the analysis conducted with the above—mentioned foldamers, the first
dilution of foldamer L shows two equilibrium at the NMR timescale: 1) a fast one indicating
the formation of a supramolecular polymer through interactions between single helical
structures and, 2) a slow equilibrium with the appearance of a second weak set of signals at
high concentrations revealing the presence of double helices. At this stage, one will note that
the concentration of double helices marginally increased along the second dilution experiment,

with a percentage of double helix increasing from 31 % to 40 % (Figure 111-43).

1mM 1mM
L A
20 mM 20 mM
| MUUM
40 mM 40 mM
60 mM 60 mM L
80 mM 80 mM L
W o W 000K —
10.5 10.0 9.5 9.0 85 80 7.5 7.0 11.0 10.0 9.0 8.0 7.0

Chemical shift (ppm) Chemical shift (ppm)

Figure 111-43. Left. First dispersion. Right. Second dispersion of foldamer L at 80 mM
(CDCls, 298 K, 300 MHz).

C. Cross—hybridization between foldamers G and L
C.1. 'H NMR spectroscopy

A solution of foldamers G (80 mM) and L (80 mM) was prepared in CDCls. The first
dilution shows one set of signals for the amide protons, which are in a fast equilibrium at the
NMR timescale. These amide signals integrate for 16 protons that correspond to the amide
protons of both foldamers. These observations indicate the presence of single helices of
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foldamers G and L in solution, which interact in a supramolecular polymer fashion (Figure 11—
44),

Fold. G (80 mM)

W 0000

Fold. L (80 mM) + Fold. G (80 mM)

m m NDI protons
Fold. L (80 mM)
L Y00000C
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0

Chemical shift (ppm)

Figure 111-44. Comparison between foldamers G (80 mM), L (80 mM) and their mixture at 80 mM (1%
dispersion, CDCls, 298 K, 300 MHz).

However, the second dilution of the same sample showed important differences as
expected for this set of kinetically trapped clicked foldamers. Indeed, a second set of signals
appeared, which corresponds to the formation of double helical structures (from 6 % of double
helices in the first dilution to 67 % in the second one). These signals disappeared upon dilution,
which aligns with the fact that the double helices are formed generally at high concentration
and dissociate into single helices at low concentrations (Figure 111-45).
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Figure I11-45. First and second dispersion of the mixture of foldamers G (80 mM) and L (80 mM) in CDClI; (298
K, 300 MHz) and comparison of the evolution of the percentage of SH vs DH as function of the concentration
between the first and the second dilution.

The comparison between the mixture and each foldamer alone demonstrated the
formation of new signals (Figure 111-46), which do not correspond to homoduplexes. This
indicates the formation of heteroduplexes, which were also detected by ESI MS.
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Figure 111-46. Comparison between foldamers G, L and their mixture at 80 mM
(2" dispersion, CDCls, 298 K, 300 MHz).

C.2. UV-visible absorption spectroscopy

When mixing foldamers G and L, the solution turns red, which is distinct from the
individual solution color of foldamers: brown for foldamer L and yellow for foldamer G (-
Right). The red solution demonstrates the formation of a charge transfer complex between the
donor and acceptor moieties at high concentrations (60 mM) in chloroform. UV-visible
absorption analyses further confirmed the presence of a new absorption band at around 520-
525 nm*®! for the mixture, which was not observed for each foldamer individually (Figure 11—
47). This is consistent with previous reports NDI-Py CT complexes.?>3%.162-166 Thjs absorption
band confirms the formation of a charge transfer complex between the donor pyrene and the
acceptor NDI along the first dispersion in chloroform. Given the conclusion drawn from *H
NMR spectroscopy measurements, this color change most likely results from a supramolecular
polymerization process. Further studies will focus on the impact of time and temperature over
the spectroscopic properties of these mixtures, be they containing supramolecular polymers

and/or heteroduplexes.
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Figure 111-47. Left. UV-vis absorption spectra of foldamers G (60 mM), L (60 mM) and their mixture in CHCls
at RT; Foldamer L (brown color); Center. Foldamer G (yellow color); and the mixture of foldamer L and G (red
color). Right. Evolution of the CT band upon dilution.

V. Conclusions

The objective of this work was to synthesize and characterize a novel generation of n—
functional foldamers functionalized with electron—deficient and electron—donating
chromophores in order to elaborate heteroduplexes in a selective manner. This goal was
partially achieved through the preparation of a series of functionalized foldamers through
copper—catalyzed azide—alkyne cycloaddition between bisalkyne B and azide derivatives with
good yields. Noticeably, the preparation of foldamer B was optimized and scaled up to 1 gram
(11 steps). This notably allowed for the preparation of six electroactive foldamers along this

PhD work, for which three X-ray crystal structures were obtained.

Comparing TTF-containing foldamers A (Chapter 2) and B (Chapter 3), which include
different linkers (amide for foldamer A and —CH.-triazole—CH>— for foldamer C), showed that,
in the neutral state, foldamer A does not hybridize and that C does. Thereby, this comparison
highlights that the nature of the linker may greatly influence the behavior of these foldamers in

solution.

This assessment was further confirmed by studying DAN- and NDI-containing
foldamers F and G. Understanding their behavior proved to be particularly challenging. Indeed,
their supramolecular arrangements in solution involve both supramolecular polymerization
processes and hybridization into duplexes. The analyses conducted by *H NMR spectroscopy
revealed that they are actually under kinetic control at room temperature, which was not
expected. A collection of *H NMR experiments was recorded on foldamer G in order to

determine the origin of this Kinetic trapping phenomenon. These experiments showed the
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critical role of temperature on the behavior of foldamers at high concentrations. To identify the
non—covalent interactions responsible for these unexpected results, crystallographic structures
of the obtained foldamers were thoroughly analysed and revealed the presence of an
intramolecular hydrogen bond leading to the formation of a seven—membered pseudo cycle.
The analysis of the reference foldamers B and H proved to be particularly valuable since it

showed that the triazole linker contributes to the obtaining of a kinetically—trapped state.

Additional reference foldamers were synthesized in order to bring more insights
regarding this particular issue. In this context, an ethylene spacer was installed between the
triazole and the =—functional unit in foldamer I, in order to break the seven—membered pseudo—
cycle formed by intramolecular hydrogen bonding. At the moment, we do not fully understand

its behavior and further physico—chemical characterizations appear necessary.

Altogether, these results suggest that the triazole linker is responsible for the kinetic
trapping. At room temperature, when mixing both foldamers, the intramolecular hydrogen bond
renders the foldamers inactive as single helix, and thus favors the formation of a supramolecular
polymer. However, when heating to 45°C, the intramolecular hydrogen bonds are weakened
and the single helices become active, which allows the hybridization of single helices into
duplexes and notably, heteroduplexes. The formation of the latter was confirmed through *H
NMR spectroscopy (observation of signals, which did not correspond to single helices or the
corresponding homoduplexes), as well as by ESI mass spectrometry in the case of associations
F-G and G-L.

As a conclusion, we have experienced quite a chaotic path on this project. However,
dedicating efforts to the understanding of this singular supramolecular behavior allowed for
identifying the limitations of our design and strategy. Though we currently lack information
about the selectivity, heteroduplexes were definitely obtained, which constitutes an

achievement. We are now considering other grafting strategies and m—functional units to
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promote the selective formation of heteroduplexes. These tracks are presented in the Conclusion

and Perspectives.
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Brief synthesis, general conclusions and perspectives

The aim of this thesis work consisted in synthesizing electroactive helical oligopyridine
dicarboxamide foldamers in order to elaborate homoduplexes through redox stimulations and
heteroduplexes based on donor—acceptor interactions. This section will briefly summarize the
results obtained during this thesis and propose a series of perspectives.

» Redox -triggered hybridization of homoduplexes

Foldamer A, which is endowed with tetrathiafulvalene as redox units and amide linkers,
was successfully synthesized after thirteen steps in about four months. Five crystallographic
structures were obtained in different solvents, highlighting the single helical state of foldamer
A regardless of the solvent nature. In these five crystallographic structures, TTF units definitely
constitute a part of the helix. Furthermore, the organization of the single helices within the
lattice varies in each solvent, with TTF units participating to intra — and/or intermolecular non

—covalent interactions, such as hydrogen bond, © —n stacking and CH —x interactions.
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To investigate the behavior of foldamer A in solution and its hybridization process,

several parameters were analysed, contributing to a comprehensive understanding. In the

177



neutral state, similar 'H NMR spectra were recorded in the different tested solvents
(4 mmol.L %, 298 K, in CDCls, C2D2Cls, pyridine—ds, THF—ds, DMSO-ds, and DMF-d7): one
set of signals was systematically observed for amide protons, at chemical shifts that indicate
the adoption of a single helical state. Analyses in CDCls, a solvent known for promoting the
formation of hybridized species, revealed that foldamer A only adopts a single helical
arrangement at concentrations up to 5.2 mmol.L 2, its solubility limit at room temperature. At
this stage, one will also note that varying the temperature had no influence on the behavior of
this foldamer. The absence of double helices in solution was further confirmed through titration
experiments with chloride anions, which is known for promoting the dissociation of double
helices and leading to the formation of anion—foldamer complexes. Indeed, we solely observed
progressive variations of chemical shifts and never, the appearance of a second set of signals,
which would have pointed towards the formation of single helices from a solution of fully

hybridized foldamers.

The previous observations highlighted that the single helical structure of foldamer A is
particularly stable in solution, which may limit its ability to hybridize. Therefore, to take
advantage of the redox properties of the TTF unit and weaken the stability of the single helical
state, we considered the possibility to oxidize tetrathiafulvalene units and study the
supramolecular behaviour of the corresponding species. In this context, electrochemical and
spectroelectrochemical analyses were performed. These demonstrated the formation of
hybridized species upon oxidation through the dimerization of TTF™ radical cations.
Considering these results, we were able to trigger the hybridization of a helical foldamer,
despite the absence of double helices in the neutral state. This occurred by altering the stability

of the single helical state through oxidation and setting up an additional driving force.
= Heteroduplex formation through donor —acceptor interactions

The main part of this thesis work was dedicated to the design of heteroduplexes through
donor—acceptor interactions. Considering 1) the important role of the amide linker with TTF
units in the stability of the single helical form of foldamer A, 2) the need for obtaining
hybridized species in the neutral state, and 3) the long time needed to synthesize one foldamer
through amide linker, we envisaged grafting the electroactive chromophores during the last step
and this, via copper —catalysed azide —alkyne cycloaddition. On this basis, foldamer B was
synthesized and constituted the central foldamer precursor, which led to the preparation of a

series of donor and acceptor strands: foldamers C, D, E, F, G and L endowed with
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tetrathiafulvalene TTF, trinitrofluorenone derivative TNF, naphthalene diimide NDI,

dialkoxynaphthalene DAN, and pyrene units, respectively.
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The foldamers were studied individually and in mixtures of donor and acceptor strands.
Noteworthy is the fact that foldamer C, bearing TTF units through triazole linker, exhibited a
high solubility in chloroform and hybridized into double helices in the neutral state; this appears

consistent with our findings regarding foldamer A in Chapter 2.

Foldamer D displays a weak stability and undergoes degradation when exposed to
oxygen in the air. On the other hand, foldamer C presents sensitivity to high temperatures due
to the presence of TTF units. These observations hindered further characterizations of
foldamers C and D. As a result, new donor (foldamer F) and acceptor (Foldamer E) strands
were designed. Several attempts of hybridization were carried out between foldamers E and F,
but proved unsuccessful due to the low solubility of foldamer E. Consequently, a branched
alkyl chain was introduced to the NDI units to enhance its solubility, resulting in the formation

of foldamer G.

The solutions (CDCls, 60 mmol.L 1, 298 K) of foldamers F and G exhibited a red color,
distinct from each foldamer alone, suggesting the formation of a charge transfer complex. This
was confirmed through UV -visible absorption spectroscopy, with the clear observation of a
charge transfer band. Along the “first dispersion” experiments, tH NMR spectroscopy showed

that a single set of signals involved into fast equilibria was observed for amide protons. This
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indicates that the interactions between donor and acceptor chromophores occur between single
helices, promoting the formation of a supramolecular polymer (the large diffusion coefficients
determined by DOSY NMR spectroscopy corroborate this assertion).

However, an unexpected behavior was detected along the “second dispersion”
experiments of the same samples: a second set of signals corresponding to the duplexes
appeared. The aromatic signals of DAN and NDI units do not correspond to the signals of the
duplexes (F)2 and (G)2, which means they can be attributed to the heteroduplexes, as confirmed
by ESI MS. Thereby, this apparent lack of reproducibility actually indicated that the solutions
of these foldamers did not reach their thermodynamic equilibrium, and were under Kinetic
control. This assessment proved to be also true for each foldamer individually.

On this ground, various 'H NMR experiments were conducted on foldamer G to
understand the respective influences of kinetic parameters, such as temperature, concentration,
and time. These experiments highlighted the important role of the temperature at high
concentrations, and indicated that non—covalent interactions are responsible for this singular
behavior. The analysis of the crystallographic structures of foldamers and reference compounds
showed that m—m stacking between the electroactive units and the foldamer skeleton could be
the origin of the kinetically trapped states. In addition, an intramolecular hydrogen bond was
detected in the foldamers, promoting the formation of a seven—membered pseudo—cycle, which
is known as the origin for many Kinetically trapped systems. This suggests that the electroactive

units and/or the triazole connector are accountable for this behavior.
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Foldamers B and H served as references. Foldamer B, which lacks both triazole linkers
and electroactive units, is under thermodynamic control. On the contrary, foldamer H, which

features triazole linkers but does not include electroactive moieties, was under kinetic control,
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which suggests that the presence of triazole linkers and hence, the formation of a seven—

membered pseudo cycle, contribute to the formation of inactive species that cannot hybridize.
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In order to weaken this intramolecular hydrogen bond, foldamer I, which includes an
additional methylene group between amide functions and triple bonds, was designed and

allowed for isolating foldamers J and K.

Foldamer J was unable to hybridize at room temperature, which could point towards
another kinetically—trapped state. However, heating up to 120°C in 1,1,2,2—tetrachloroethane
did not allow for observing the formation of double helices. Alternatively, a second set of
signals appeared at low temperatures (—20°C), which suggests that double helices could be
formed at low temperature. Consequently, two hypothesis are currently under consideration: 1)
foldamer J displays a particularly weak hybridization propensity and hence, it only dimerized
at low temperature, and 2) it is kinetically—trapped in a particularly deep potential well, because

of strong intra— or intermolecular interactions.
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In summary, these observations suggest that the most plausible explanation is that the
triazole linker is responsible for the behavior of foldamers F and G through the formation of
seven—membered pseudo cycle leading to inactive single helices during the first dilution, which
favors the formation of a supramolecular polymer through intermolecular interactions between
chromophores. However, the heating process weakens the intramolecular hydrogen bond,
which makes foldamers able to hybridize and promotes duplex formation upon heating at

sufficiently high concentrations.

= Perspectives

Towards the selective formation of heteroduplexes through concave—convex interactions

As first perspectives, a project started in collaboration with Prof. Nazario Martin and
Prof. Maria Angeles Herranz at the University Complutense of Madrid, where | stayed one
month, is presented. Since the selective formation of heteroduplexes was not achieved (Chapter
3) and since this may be the result of aromatic interactions between identical planar functional
units, we envisaged to take advantage of an interaction between two fragments displaying
complementary shapes. In this context, using concave—convex interactions between an

extended tetrathiafulvalene and a fullerene appeared particularly relevant. This was all the truer
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because these functional units are also electroactive (exTTF can be readily oxidized, while

fullerenes undergo reduction processes).

In this context, the purpose of my one—month stay in Madrid consisted in synthesizing
the necessary azide derivatives to allow for the functionalization of the foldamer. After isolating
these precursors, the synthesis of the exTTF—based foldamer was achieved in twenty steps.
However, several issues were encountered for the synthesis of the fullerene—containing
foldamer (solubility, stability/degradation of the azide derivative). To date, a mixture of mono—

and bis—functionalized foldamer was obtained but the desired compound could not be isolated.
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Modifying the linker to avoid Kinetically—trapped states

The role of the linker was found to be essential in both the second and the third chapters.
In the second chapter, the TTF units were attached through a rigid and short amide linker. This
spacer directs the orientation of TTF units making them part of the helix and enabling them to
interact directly with the foldamer skeleton. The corresponding interactions lead to the
obtaining of Kkinetically trapped single helices and inhibit the hybridization process in the
neutral state. In the third chapter, the functionalization of foldamer skeleton was tackled through
triazole connector, which is a flexible linker. The latter permits the hybridization in the neutral

state, but affects the arrangement of these foldamers by switching from supramolecular polymer
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to heteroduplexes through kinetically trapped foldamers due to the formation of a seven
membered pseudo cycle involving the linker. As a consequence, a track that could be followed
for future developments could rely on the replacement of this linker to avoid kinetically—trapped
states and permit hybridization. As illustrative examples, an acetylenic linker could be
envisaged. In this manner, foldamer B would represent a valuable building block and simple

Sonogashira coupling could lead to the isolation of =—functional foldamers.
Increasing the number of functional units to increase the cross—-hybridization

In order to improve the selectivity of the cross—hybridization process, a rather
straightforward strategy could consist in grafting additional functional units on the foldamer
skeleton to promote aromatic interactions between electron rich and poor moieties. To do so, a
new design would be necessary. Instead of grafting m—functional units at the extremities of the
skeleton, electron—rich or poor fragments would be grafted on the helical backbone for this
second generation of electroactive foldamers, as illustrated below. In this manner, the alternate
~D-A-D-A stack would drive the equilibrium towards heteroduplex with an ever—better

selectivity.

Cross
———————
C—

Hybridization

Cartoon representing the cross hybridization of two 2" generation strands
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General procedures

The starting materials were purchased and used without further purification. All solvents and
reagents were dried according to standard procedures (Sodium/benzophenone for
tetrahydrofuran and diethyl ether, CaH> for dichloromethane, acetonitrile, triethylamine and
N,N—diisopropylethylamine, P>Os for chloroform). All air—sensitive reactions were carried out
under argon atmosphere using standard Schlenk flask techniques. Thin—layer chromatography
(TLC) was performed on aluminium plates coated with MerckSilica gel 60 F254. Developed
plates were air—dried and scrutinized under a UV lamp. Silica gel SIGMA Aldrich Chemistry
(SiO2, pore size 60 A, 4063 um technical grades) was used for preparative silica gel
chromatography.

Recycling high performance liquid chromatography

Crude compounds were solubilized in HPLC grade chloroform (stabilized with ethanol, 5 mL).
Prior to injection, the solution was filtered through a 0.45 pum PTFE filter (VWR 25mm syringe
filter w/ 0.45 um membrane). Purification was performed on a LC-9160NEXT system from
the Japan Analytical Industry Co., Ltd. (JAI) equipped with coupled UV-vis 4Ch NEXT and
RI-700 Il detectors at room temperature through a set of two JAIGEL-2H and 2.5H columns
at an elution rate of 10 mL.minL.

Compounds were detected by UV irradiation (Bioblock Scientific) or staining with iodine,
unless otherwise stated.

'H and C Nuclear Magnetic Resonance (NMR) spectra were recorded using deuterated
solvent as internal reference on a BRUKER Advance DRX 300 (*H, 300 MHz; *C, 75 MHz)
or 500 (*H, 500 MHz; 13C, 125 MHz) spectrometer. Coupling constants (J) are denoted in Hz
and chemical shifts (8) in parts per million (ppm) relative to TMS. Multiplicities are denoted as
follows: s = singlet, d = doublet, dd = doublet of doublet t = triplet, q = quartet m = multiplet,
br = broad.

Mass spectra were recorded by Dr Ingrid Freuze on a Jeol JMS 700 (high—resolution mass
spectra (HRMS) or a Bruker Biflex 111 spectrometer (MALDI-TOF).

X-Ray single—crystal diffraction data were collected by Dr Magali Allain (MOLTECH-
Anjou) on an Agilent SuperNova diffractometer equipped with an Atlas CCD detector and
micro—focus Cu—Ka radiation (A = 1.54184 A). The structure was solved by direct methods,
expanded and refined on F2 by full matrix least—squares techniques using SHELX97 programs
(G.M. Sheldrick, 1998).

UV-Visible absorption spectra were recorded on a JASCO V-730 spectrophotometer.

Cyclic voltammetry experiments were carried out on a potentiostat Bio—Logic SP-300.
Tetrabutylammonium hexafluorophosphate (0.1 M) was used as supporting electrolyte. The cell
was equipped with three electrodes: a platinum working electrode (& = 2 mm), a platinum wire
as auxiliary electrode and a silver/silver nitrate (0.01 M, CH3CN, TBAPFg) reference electrode.
The potentials are given with respect to the ferrocene/ferrocenium redox couple.

Spectroelectrochemistry measurements were performed by Dr Christelle Gautier

(MOLTECH-ANjou) and were carried out in direct reflecting mode on the working electrode
(e.g. Pt) with a homemade bench, developed by Dr Eric Levillain and Dr Olivier Alévéque,
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composed of different Princeton Instruments modules (light sources, fibers, monochromators,
spectroscopy camera, and software). The connection between the light source, the cell and the
spectrophotometer is ensured through a “Y—shaped” optical fiber bundle: 18 fibers guide the
light to the cell, and 19 fibers collect the reflected light from the cell to visible (320-1080
nm/maximum acquisition frequency 2 MHz) and IR (900-1700 nm / maximum acquisition
frequency 8 MHz) CCD detectors. The sensitivity of the spectroscopic measurement (< 3 e— at
100 kHz and < 13 e— at 2 MHz between 320 and 1080 nm; 400 e— (high gain) and 5000 electrons
(low gain) between 900 nm and 1700 nm) allows performing a spectroelectrochemistry
experiment under the usual conditions of electrochemistry.

The DataFit program was run to assess equilibrium constants by fitting theoretical models to
experimental data. This home-made program was developed in the MATLAB environment by
members of the MOLTECH-Anjou laboratory, namely Olivier Alévéque, Yohann Morille and
Eric Levillain. The convergence between the experimental dataset and the theoretical equations
can be reached according to various algorithms (Levenberg—Marquardt, quadratic or Nielsen).
This program has differents strengths: the parameters to be fitted can be selected before any
fitting calculation; after fitting a dataset, residuals are calculated for each point and plotted; it
allows for plotting together experimental points and simulations to get a deep insight on the
impact of the different fitted values; eventually, it affords statistical feedbacks that may help
avoiding misinterpretations.

188



Experimental procedures and compounds characterizations

General procedures for preparing the solutions of foldamers and reference compounds:
Foldamers and reference compounds were directly weighed into the NMR tube/vial in both
cases, whether considering each foldamer/reference compound alone or in mixture.

Chapter 11

Compound I1-71

Chemical Formula: C13H17NOs
Molecular Weight: 267.1107

Dimethyl 4-hydroxypyridine-2,6—dicarboxylate (5 g, 23 mmol), and K2CO3 (13 g, 94 mmol, 4
eq.) were dissolved in dry DMF (50 mL) and the mixture was heated to 80°C under argon
atmosphere for 90 min. The solution was cooled to 70°C and 1-iodo—2-methylpropane (5.4
mL, 47 mmol, 2 eq.) was added. The mixture was stirred for 3 hours and the solvent was
removed under reduced pressure. The resulting solid was dissolved in 50 mL of toluene and
washed with water (3 x 50 mL). The organic phase was dried over anhydrous MgSO4 and the
solvent was evaporated to afford compound I1-7 as a brown oil that crystallises upon standing

at room temperature (5.4 g, 60 %).

H NMR (300 MHz, CDCl3) § 7.80 (s, 2H), 4.01 (s, 6H), 3.90 (d, ] = 6.5 Hz, 2H), 2.24 — 2.05 (m, 1H),

1.05 (d, J = 6.7 Hz, 6H).

13C NMR (75 MHz, CDCls) 6 167.3, 165.3, 149.7, 114.7, 75.3, 53.4, 28.1, 19.1.

Compound I1-8!

(o} o

N
O N/ OH

Chemical Formula: C12H1sNOs
Molecular Weight: 253.0950

Diester I1I-7 (510 mg, 1.9 mmol, 1 eq.) was dissolved in methanol (6 mL) and the mixture
was cooled in an ice bath. A solution of sodium hydroxide (77 mg, 2 mmol, 1 eq.) in methanol
(6 mL) was added slowly. The mixture was left to stir overnight, allowing the ice bath to
melt. The solvent was evaporated under reduced pressure, and water (50 mL) was added. The
precipitate was dissolved ultrasonically and the starting material was extracted with DCM (3
x 50 mL). The water phase was acidified with a 1M HCI solution and then re—extracted with
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3 x 50mL of DCM. The organic layer was dried on magnesium sulfate, filtred and evaporated
to afford compound II-8 as a white solid (360 mg, 75 %).

'H NMR (300 MHz, CDCls) & 7.80 (s, 2H), 4.01 (s, 6H), 3.90 (d, J=6.5 Hz, 2H).

B3C NMR (125 MHz, CDCl3) 5 168.4, 164.5, 164, 148.3, 148.1, 116.2, 112.3, 75.8, 53.3, 3.1, 19.1.

Compound 11-91

Chemical Formula: C11H13NOs
Molecular Weight: 239.0794

Potassium hydroxide (800 mg, 14 mmol) was dissolved in methanol (20 mL) and was added to
a solution of compound II-7 (0.9 g, 2 mmol) in methanol (20 mL). The mixture was stirred at
room temperature overnight. A white precipitate appeared, was filtered and washed with 10 mL
of methanol. The solid was subsequently suspended in water, protonated with hydrochloric acid
3M, washed with water, and dried under vacuum to afford II-9 as a white solid (833 mg,
quantitative yield).

IH NMR (300 MHz, DMSO-ds) 5 7.68 (s, 2H), 3.98 (d, J = 6.5 Hz, 2H), 2.05 (m, 1H), 0.98 (d, J = 6.7
Hz, 6H).

13C NMR (75 MHz, DMSO-ds) 8 166.9, 165.3, 149.7, 74.5, 27.4, 18.7.

Compound I1-10?
| N (o)
weh Ak

Chemical Formula: C10H15N302
Molecular Weight: 209.1164

2,6-Diaminopyridine (5 g, 45 mmol, 1 eq.) and di-tert—butyl dicarbonate (10 g, 45 mmol, 1
eq.) were dissolved in 60 mL of THF. The mixture was heated to reflux overnight. The solvent
was removed under reduced pressure and the crude was purified by silica gel chromatography
(eluent Et2O/PE 1/1) to afford II-10 as white powder (5.7 g, 61 %).

IH NMR (300 MHz, CDCls) & 8.54 (s, 1H), 7.36 (t, J = 8.0 Hz, 1H), 7.17 (d, J = 8.0 Hz, 1H), 6.11 (dd,
J=17.9,0.8 Hz, 1H), 4.65 (s, 2H), 1.48 (s, 9H).

13C NMR (75 MHz, CDCls) § 157.61, 152.80, 150.85, 139.85, 103.04, 101.89, 80.85, 28.30.
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Compound I11-111

Chemical Formula: C31H3zoN7O7
Molecular Weight: 621.2911

Under argon atmosphere, dry diacid I1-9 (1 g, 4 mmol) was mixed with dry dichloromethane
(10 mL). Oxalyl chloride (1.7 mL, 20 mmol, 5 eq.) was added, as well as a drop of dry
dimethylformamide. Gas release was observed and the mixture was stirred for two hours under
argon atmosphere. Dichloromethane and oxalyl chloride were evaporated under vacuum using
a liquid nitrogen trap and the resulting solid was dried under vacuum for three hours. Dry
dichloromethane (8 mL) was subsequently added. In another Schlenk, dry II-10 (1.9 g, 9 mmol)
was dissolved in 10 mL of dry dichloromethane and dry DIPEA (2.7 g, 20 mmol) was added.
The resulting mixture was added dropwise to the solution of acid chloride and stirred for 16
hours under argon atmosphere. The solvent was removed under reduced pressure and the crude
was purified by silica gel chromatography (eluent DCM/EtOAc 99/1) to afford II-11 as a white
powder (1.8 g, 71 %).

'H NMR (300 MHz, CDCls) § 10.18 (s, 2H), 8.08 (dd, J = 7.8, 1.0 Hz, 2H), 7.96 (s, 2H), 7.76 (t, = 8.0
Hz, 2H), 7.69 (dd, J = 8.2, 1.1 Hz, 2H), 7.24 (s, 2H), 3.96 (d, J = 6.5 Hz, 2H), 2.17 (dg, J = 13.6, 6.8
Hz, 1H), 1.54 (s, 18H), 1.07 (d, J = 6.7 Hz, 6H).

13C NMR (75 MHz, CDCls) § 168.4, 161.8, 152.2, 150.7, 150.5, 149.3, 140.9, 112.3, 109.0, 108.6, 81.4,
28.4,28.1,19.1.

Compound I1-12

Chemical Formula: C2:H23N703
Molecular Weight: 421.1862

11-11 (970 mg, 1.5 mmol) was dissolved in 8 mL of dichloromethane and trifluoroacetic acid
(1.2 g, 11 mmol) was added slowly. The mixture was stirred for four hours at room temperature.
Then, 20 mL of a saturated solution of sodium bicarbonate and chloroform were added. After
extraction, the organic phase was washed three times with water and dried over magnesium
sulfate. The solvent was removed under reduced pressure to afford 11-12 as white powder (650
mg, quantitative).

IH NMR (300 MHz, CDCls) 8 10.02 (s, 2H), 7.95 (s, 2H), 7.76 (d, J = 7.9 Hz, 2H), 7.53 (t, J = 7.9 Hz,

2H), 6.30 (d, J = 8.0 Hz, 2H), 4.73 (br, 4H), 3.95 (d, J = 6.5 Hz, 2H), 2.17 (m, 1H), 1.06 (d, J = 6.7 Hz,
6H).

191



13C NMR (75 MHz, CDCls) 6 168.5, 161.6, 157.7, 150.7, 149.4, 140.5, 112.0, 105.1, 103.8, 75.5, 28.2,
19.2.

Compound I1-13

Chemical Formula: C22H238N40s
Molecular Weight: 444.2009

Dry carboxylic acid 1I-8 (1.2 g, 4.9 mmol, 1 eqg.) was dissolved in 10 mL of dry
dichloromethane under inert conditions. Oxalyl chloride (830 puL, 9 mmol, 2 eq.) and a drop of
dry dimethylformamide were added. A gas release was observed and the mixture was stirred
for 2 hours under argon atmosphere. The excess of oxalyl and dichloromethane was removed
by distillation and the solid was left under vacuum for 3 h. The resulting acid chloride was
dissolved in dry THF (10 mL). Then, a solution of II-10 (1.2 g, 5.8 mmol, 1.2 eq.) and DIPEA
(4.2 mL, 24 mmol, 5 eq.) in THF (10 mL) was added to the solution of acid chloride. The
mixture was then stirred at room temperature for 12 h. The solvent was removed under reduced
pressure and the residue was purified by silica gel chromatography using dichloromethane to
afford compound I1-13 as a white solid (1.9 g, 90 %).

'H NMR (300 MHz, CDCls) & 10.24 (s, 1H), 8.02 (dd, J = 7.4, 1.3 Hz, 1H), 7.93 (d, J = 2.5 Hz, 1H),
7.76 (d, J = 2.5 Hz, 1H), 7.75 — 7.67 (m, 2H), 7.12 (s, 1H), 4.03 (s, 3H), 3.92 (d, J = 6.5 Hz, 2H), 2.15
(m, 1H), 1.53 (s, 9H), 1.06 (d, J = 6.7 Hz, 6H).

13C NMR (75MHz, CDCl3) $ 167.9, 165.1, 161.9, 152.3, 151.5, 150.6, 149.2, 148 .4, 140.7,115.1, 111.2,
108.5, 108.2, 81.2, 75.4, 53.1, 28.4, 28.2, 19.2.

HRMS (MALDI-TOF) calcd for C2H2sN4Os, 467.1906 [M + Na]*; found, 467.1900.

Compound I1-14

Chemical Formula: C17H20N4Os
Molecular Weight: 344.1485

Protected II-13 (1.1 g, 2.5 mmol, 1 eq.) was dissolved in 8 mL of dichloromethane and
trifluoroacetic acid (7.3 mL, 40 eq.) was added. The mixture was stirred for 4 hours at room
temperature. The reaction mixture was washed with saturated NaHCO3 solution, extracted with
chloroform (150 mL) and washed with water (3 x 50 mL). The organic phases were combined,
dried over magnesium sulfate and concentrated under reduced pressure to afford compound II-
14 as a white solid (836 mg, 99 %).
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IH NMR (300 MHz, CDCl3) § 10.19 (s, 1H), 7.93 (d, J = 2.5 Hz, 1H), 7.75 (d, J = 2.5 Hz, 1H), 7.71 (d,
J=7.9Hz, 1H), 7.52 (t, J = 7.9 Hz, 1H), 6.34 (d, J = 7.9 Hz, 1H), 4.72 (s, 2H), 4.04 (s, 3H), 3.92 (d, J
= 6.5 Hz, 2H), 2.23 - 2.09 (m, 1H), 1.06 (d, J = 6.7 Hz, 6H).

13C NMR (75 MHz, CDCls)  167.7, 165.1, 161.6, 157.7, 151.7, 149.4, 148.2, 134, 114.9, 111, 104.8,
103.4, 75.3, 53, 29.7, 28, 19.1.

HRMS (MALDI-TOF) calcd for C17HxoN4Ox, 344.1485 [M + H]*; found, 345.1553.

Compound I1-153

E§>=<§])L >

Chemical Formula: C7H402S4
Molecular Weight: 247.9094

Into a stirred solution of TTF (2 g, 9.8 mmol) in anhydrous diethyl ether (120 mL) at —78°C
under argon atmosphere, a solution of LDA 1M in THF/hexane (11 mmol) was added dropwise.
A thick yellow suspension appeared and the stirring was continued for 45 min at —78°C. CO;
gas was bubbled through the stirred suspension for 1h at —78°C to give an orange suspension
and the mixture was then slowly allowed to warm to room temperature over 16 H. The mixture
was filtered and the solid was washed thoroughly with diethyl ether, affording the lithium salt
of TTF—carboxylate as an orange solid. To a stirred solution of the latter salt in H>O, 10 mL of
a solution of hydrochloric acid 1M were added slowly and a deep red solid precipitated
immediately. The red solid was collected by filtration, washed thoroughly with water and dried
under vacuum to give II-15 (2.2 g, 88 %).

'H NMR (300 MHz, Acetone—ds) & 7.63 (s, 1H), 6.66 (s, 2H).

(o)
ESF(SjﬁfN\ENj/N \N O\
(o] Z

Compound II-16

(o) o

Chemical Formula: C2sH22N405S4
Molecular Weight: 574.0473

To a solution of TTF—-COOH II-15 (530 mg, 2.1 mmol) in 15 mL dry dichloromethane under
argon atmosphere at 0°C, 4—dimethylaminopyridine (111 mg, 0.9 mmol) was added. The
mixture was stirred at 0°C for 10 minutes and then, N,N —dicyclohexylcarbodiimide (314 mg,
1.5 mmol) was added. The mixture was stirred for 40 minutes at 0°C. In another Schlenk, II-
14 (524 mg, 1.5 mmol) was dissolved in 15 mL of dry dichloromethane and the resulting
solution was added dropwise to the solution of activated acid at 0°C. The mixture was stirred
overnight at room temperature under argon atmosphere. The resulting suspension was filtered
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and the filtrate was purified by silica gel chromatography (eluent DCM/EtOAC/EtsN 95/4/1) to
afford compound II-16 as a red solid (440 mg, 53 %).

'H NMR (500 MHz, DMSO-ds) 5 11.11 (s, 1H), 10.23 (s, 1H), 8.12 (s, 1H), 8.05 (d, J = 8.0 Hz, 1H),
7.94 (t, J = 8.1 Hz, 1H), 7.89 (d, J = 2.4 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 7.79 (d, J = 2.4 Hz, 1H), 6.76
(s, 2H), 4.06 (d, J = 6.5 Hz, 2H), 3.95 (s, 3H), 2.08 (s, 1H), 1.02 (d, J = 6.7 Hz, 6H).

13C NMR (125 MHz, DMSO-dg) 8 167.5, 164.0, 161.0, 150.4, 148.8, 141.0, 133.2, 128.5, 120.3, 120.0,
1147, 113.0, 111.1, 110.4, 105.2, 74.8, 52.9, 30.6, 27.4, 18.7.

HRMS (MALDI-TOF) calcd. for Cs7/HsoN15sO1:Ss [M]*; 574.0461; found, 574.0467.

o
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Compound II-17

Chemical Formula: C23H20N405S4
Molecular Weight: 560.0317

Solid lithium hydroxide (45 mg, 1.9 mmol) was dissolved in a minimal amount of water and
was added dropwise to a solution of II-16 (440 mg, 0.7 mmol) in 20 mL of tetrahydrofuran.
The mixture was stirred at room temperature for three hours. Then, acetic acid was added
dropwise to a neutral pH (monitored by litmus paper). The solvent was evaporated under
reduced pressure and the resulting solid was washed by water and filtrated to afford compound
I1-17 as a red powder (430 mg, quantitative).

'H NMR (500 MHz, DMSO-ds) 5 11.11 (s, 1H), 10.23 (s, 1H), 8.12 (s, 1H), 8.05 (d, J = 8.0 Hz, 1H),

7.94 (t, J = 8.1 Hz, 1H), 7.89 (d, J = 2.4 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 7.79 (d, J = 2.4 Hz, 1H), 6.76
(s, 2H), 4.06 (d, J = 6.5 Hz, 2H), 3.95 (s, 3H), 2.08 (s, 1H), 1.02 (d, J = 6.7 Hz, 6H).

13C NMR (125 MHz, DMSO-dg) § 166.7, 166.7, 161.9, 157.8, 150.2, 149.3, 149.1, 140.9, 133.4, 128.3,
120.2, 120.0, 112.9, 109.8, 108.9, 108.6, 105.2, 74.2, 45.3, 27.4, 18.8, 9.0.

HRMS (MALDI-TOF) calcd. for C23sH20N40sS4 [M]*; 560.0317; found, 560.0322.

Foldamer A

Chemical Formula: Ce7Hs9N15011Ss
Molecular Weight: 1505.2284

Dry I1-17 (98 mg, 0.2 mmol, 2.3 equivalents) was dissolved in dry dichloromethane (5 mL)
under argon atmosphere and 1—chloro—N,N,2—trimethyl-1-propenylamine (Ghosez’s reagent,
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61 mg, 0.45 mmol, 6 equivalents) was added. The mixture was stirred for 4 hours under argon
atmosphere. The latter was evaporated under vacuum using a liquid nitrogen trap. The resulting
solid was dried for 3 hours under vacuum and 6 mL of dry tetrahydrofuran was added. In
another Schlenk, dry 1I-12 (32 mg, 0.7 mmol) was dissolved in 4 mL of dry tetrahydrofuran
and dry DIPEA (52 mg, 0.6 mmol) was added. The latter mixture was added dropwise to the
solution of acyl chloride and was stirred for 20 hours at room temperature. The solvent was
removed under reduced pressure and the crude was purified by silica gel chromatography
(eluent DCM/EtOAC/EtsN 79/20/1) and HPLC to afford foldamer A as an orange—red solid (42
mg, 37 %).

IH NMR (500 MHz, DMSO-ds) 8 10.47 (s, 2H), 10.43 (s, 2H), 10.35 (s, 2H), 10.26 (s, 2H), 7.96 (d, J
= 7.9 Hz, 2H), 7.82 (d, J = 2.5 Hz, 2H), 7.80 (s, 2H), 7.79 — 7.77 (m, 2H), 7.73 (d, J = 4.2 Hz, 2H), 7.72
— 7.69 (m, 4H), 7.65 (t, J = 8.0 Hz, 2H), 7.43 (d, J = 7.9 Hz, 2H), 7.29 (d, J = 2.4 Hz, 2H), 6.74 (q, J =
6.3 Hz, 4H), 4.09 (d, J = 6.5 Hz, 4H), 3.94 (d, J = 6.8 Hz, 2H), 2.20 (m, 2H), 2.14 — 2.10 (m, 1H), 1.13
(d, J = 6.7 Hz, 12H), 1.03 (d, J = 6.7 Hz, 6H).

13C NMR (125 MHz, DMSO-ds) 5 168.8, 168.5, 161.6, 161.3, 160.7, 157.6, 150.8, 150.7, 150.4, 149.6,
1495, 149.1, 141.9, 141.3, 134.3, 128.7, 121.3, 120.8, 112.6, 112.3, 112.0, 111.7, 110.3, 109.9, 109.7,
109.64, 106.40, 80.1, 75.8, 31.6, 28.5, 28.4, 19.8, 19.7.

HRMS (MALDI-TOF) calcd. for Ce7Hs9sN15011Ss [M + Na]*; 1528.2160; found, 1528.2176.

Compound I1-18

EF@\WUT\K

Chemical Formula: C17H17N303S4
Molecular Weight: 439.0153

To a solution of 1I-15 (132 mg, 535 pmol, 1.4 eq.) in 15 mL dry dichloromethane under argon
atmosphere at 0°C, 4-dimethylaminopyridine (65 mg, 321 umol, 0.6 eqg.) was added. The
mixture was stirred at 0°C for 10 minutes and then, N, N —dicyclohexylcarbodiimide (110 mg,
535 umol, 1 eq.) was added. The mixture was stirred for 40 minutes at 0°C. In another Schlenk,
11-10 (80 mg, 382 umol) was dissolved in 15 mL of dry dichloromethane and the resulting
solution was added dropwise to the solution of activated acid at 0°C. The mixture was stirred
overnight at room temperature under argon atmosphere. The resulting suspension was filtrated
and the filtrate was purified by silica gel chromatography (eluent DCM/EtOAC/EtsN 95/4/1) to
afford compound II-18 as a red solid (89 mg, 53 %).

IH NMR (300 MHz, DMSO-ds) 5 10.54 (s, 1H), 9.43 (s, 1H), 8.03 (s, 1H), 7.73 (t, = 8.1 Hz, 1H), 7.51
(ddd, J = 14.9, 8.1, 0.8 Hz, 2H), 6.74 (d, J = 6.6 Hz, 2H), 1.47 (s, 9H).

13C NMR (75 MHz, DMSO-ds) 6 157.8, 149.5, 139.9, 133.3, 128.1, 120.3, 120.0, 112.7, 108.9, 105.4,
79.8, 28.0.

HRMS (MALDI-TOF) calcd. for C17H17N303Ss [M]*; 439.0153; found, 439.0147.
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Chapter 111

Compound III-1

Chemical Formula: C29H33Ns0s
Molecular Weight: 579.2329

Dry carboxylic acid II-8 (1 g, 4 mmol, 2.3 eq.) was dissolved in 10 mL of dry dichloromethane
under inert conditions. Oxalyl chloride (830 pL, 9 mmol, 2 eq.) and a drop of dry
dimethylformamide were added. A Gas release was observed and the mixture was stirred for 2
hours under argon atmosphere. The excess of oxalyl and dichloromethane were removed under
vacuum using a liquid nitrogen trap and the solid was left under vacuum for 3 h. The resulting
acid chloride was dissolved in dry THF (10 mL). Then, a solution of 2,6—diaminopyridine (200
mg, 1.9 mmol, 1eq.) and DIPEA (3.6 mL, 20 mmol, 5 eq.) in THF (10 mL) was added to the
solution of acid chloride. The mixture was then stirred at room temperature for 12 H. The
solvent was removed under reduced pressure and the residue was purified by silica gel
chromatography using DCM/EtOAc 90/10 to afford compound III-1 as a white solid (795 mg,
75 %).

IH NMR (300 MHz, CDCl3) & 10.4 (s, 2H), 8.2 (s, 1H), 8.18 (s, 1H), 7.96 (d, J = 2.5Hz, 2H), 7.86 (t, J
= 8.1Hz, 1H), 7.79 (d, J = 6.5Hz, 4H), 4.07 (s, 6H), 3.94 (d, J = 6.5Hz, 4H), 2.17 (m, 2H), 1.07 (d, J =
6.7Hz, 12H).

3C NMR (75 MHz, CDCl3) § 167.9, 165.2, 162.1, 151.5, 149.5, 148.5, 140.8, 115.1, 111.4, 110.3, 75.4,
53.1,28.2,19.2.

HRMS (MALDI-TOF) calcd for C29H33Ns0s, 602.2235 [M + Na]*; found, 602.2221.

Compound III-2

Chemical Formula: C27H290N50s
Molecular Weight: 551.2016

Sodium hydroxide (78 mg, 2 mmol, 3 eq.) was dissolved in water (3 mL) and was added at 0 °C
to a solution of compound 7 (376 mg, 65 umol, 1 eq.) in THF (15 mL). The mixture was stirred
at room temperature overnight. Acetic acid was added to the solution (pH = 7). After
evaporation of the solvent under reduced pressure, the residue was dissolved in water (30 mL)
and extracted with dichloromethane (3 x 30 mL). The organic phases were combined, dried
over magnesium sulfate and concentrated under reduced pressure to afford compound II1-2 as
a white solid (360 mg, quantitative).
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'H NMR (300 MHz, DMSO-ds) & 11.15 (s, 2H), 8.16-7.77 (m, 7H), 4,06 (d, J = 6.5Hz, 2H, 4H), 2.09
(m, 2H), 1.02(d, J = 6.7Hz, 12H).

13C NMR (75 MHz, DMSO-dg) & 167.3, 165.2, 161.62, 150.3, 149.7, 149.7, 140.7, 113.3, 111.1, 109.6,
74.6, 27.5, 18.7.

HRMS (MALDI-TOF) calcd for Co7HzsNsOs, 574.1908 [M + NaJ*; found, 574.1908.

Compound III-3

Chemical Formula: C2:H26N4Os
Molecular Weight: 430.1852

Sodium hydroxide (162 mg, 4 mmol) was dissolved in water (6 mL) and was added at 0 °C to
a solution of compound 1I-13 (600 mg, 1.4 mmol) in THF (30 mL). The mixture was stirred at
room temperature overnight. Acetic acid was added to the solution (pH = 7). After evaporation
of the solvent under reduced pressure, the residue was dissolved in water (30 mL) and extracted
with dichloromethane (3 x 30 mL). The organic phases were combined, dried over magnesium
sulfate and concentrated under reduced pressure to afford compound I11-3 as a white solid (575
mg, quantitative).

IH NMR (300 MHz, CDCls) & 10.33 (s, 1H), 8.07 (dd, J = 7.7, 1.0 Hz, 1H), 8.01 (d, J = 2.5 Hz, 1H),

7.91(d, J =25 Hz, 1H), 7.78 (t, J = 8.0 Hz, 1H), 7.72 (d, J = 7.2 Hz, 1H), 7.35 (s, 1H), 3.96 (d, J = 6.5
Hz, 2H), 2.24 — 2.11 (m, 1H), 1.55 (s, 10H), 1.07 (d, J = 6.7 Hz, 6H).

13C NMR (75 MHz, CDCls) 8 168.1, 166.7, 162.1, 152.3, 151.1, 150.4, 149, 148.3, 141.4, 114.6, 112.4,
109, 108.7, 81.5, 75.4, 28.4, 28.2, 19.2.

HRMS (MALDI-TOF) calcd for C21H26N4Os, 453.1749 [M + Na]*; found, 453.1750.

Compound I11-4

Chemical Formula: C24H20N5s0s
Molecular Weight: 467.2169

The dry carboxylic acid III-3 (400 mg, 929 pmol, 1 eq.) was dissolved in 5 mL of dry
dichloromethane under argon atmosphere and 1-chloro—N,N,2-trimethyl-1-propenylamine
(Ghosez’s reagent, 0.75 mL, 5.6 mmol, 6 eq.) was added. The mixture was stirred overnight at
room temperature. The latter was evaporated under vacuum using a liquid nitrogen trap and the
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solid is dried under vacuum for 3 hours. The latter was dissolved in 10 mL of anhydrous THF
and added dropwise to a mixture of propragylamine (178 uL, 2.8 mmol, 3 eg.) and DIPEA (810
puL, 4.6 mmol, 5 eq.) in 5 mL of dry THF. The mixture was stirred overnight at room
temperature. The solvent was then removed under reduced pressure and the crude was purified
by silica gel chromatography (eluent DCM/EtOAc 95/5) to afford compound III-4 as a white
solid (390 mg, 94 %).

IH NMR (300 MHz, CDCls) 3 9.88 (s, 1H), 8.07-7.69 (m, 6H), 7.05 (s, 1H), 4.36 (dd, J = 5.8Hz, 2.5Hz,
2H), 3.93 (d, J = 6.5Hz, 2H), 2.33 (t, J = 2.5Hz, 1H), 2.15 (m, 1H), 1.54 (s, 9H), 1.05 (d, J = 6.7Hz, 6H).

13C NMR (125 MHz, CDCls) & 168.4, 163.3, 161.7, 152.2, 150.6, 150.4, 112.2, 112.1, 108.6, 108.5,
81.6, 79.6, 75.5, 71.8, 29.4, 28.4, 28.1, 19.2.

HRMS (MALDI-TOF) calcd for Co:HzsN4Os, 490.2073 [M + NaJ*; found, 490.2060.

Compound III-5
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Chemical Formula: C19H21N503
Molecular Weight: 367.1644

Protected III-4 (1.1 g, 2.4 mmol, 1 eq.) was dissolved in 8 mL of dichloromethane and
trifluoroacetic acid (7 mL, 40 eq.) was added. The mixture was stirred for 4 hours at room
temperature. The reaction mixture was washed with saturated NaHCO3 solution, extracted with
chloroform (150 mL) and washed with water (3 x 50 mL). The organic phases were combined,
dried over magnesium sulfate and concentrated under reduced pressure to afford compound
III-5 as a white solid (875 mg, quantitative).

IH NMR (300 MHz, CDCl3) § 10.19 (s, 1H), 7.93 (s, 1H), 7.73 (dd, 2H), 7.52 (t, 1H), 6.33 (dd, J = 8.0,
0.7 Hz, 1H), 4.62 (s, 2H), 4.03 (s, 3H), 3.96 (d, 2H), 2.03 (m, 1H) 1.04 (d, 6H).

3C NMR (75 MHz, CDCls) 5 168.3, 163.4, 161.63, 157.2, 150.5, 150.4, 149.3, 140.7, 112, 111.8, 105.1,
103.8, 79.8, 75.4, 71.5, 53.6, 29.8, 29.3, 28.1, 19.2.

HRMS (MALDI-TOF) calcd for C2:H26N4Os, 390.1543 [M + Na]*; found, 390.1536.

Foldamer B

Chemical Formula: CesHs7N15012
Molecular Weight: 1249.5094
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Dry diacid ITI-2 (220 mg, 400 umol, 1 eq.) was dissolved in 10 mL of dry dichloromethane
under argon atmosphere and Ghosez’s reagent (0.42 mL, 3 mmol, 8 eq.) was added. The mixture
was stirred overnight at room temperature. The latter was evaporated under vacuum using a
liquid nitrogen trap and the solid is dried under vacuum for 3 hours. In another schlenk, amine
I11-4 (440 mg, 1.2 mmol, 2.5 eq.) was dissolved in 10 mL of dry THF and DIPEA (0.3 mL, 2
mmol, 5 eq.) was added. Then, this mixture was added dropwise to a solution of the resulting
acid chloride in 7 mL of dry THF. The mixture was stirred overnight at room temperature. The
solvent was removed under reduced pressure and the crude was purified by silica gel
chromatography (eluent DCM) to afford foldamer B as a white solid (416 mg, 84 %).

IH NMR (500 MHz, DMSO-ds) & 10.84 (s, 2H), 10.65 (s, 2H), 10.27 (s, 2H), 9.78 (t, J = 6.0 Hz, 2H),
8.23 (dd, J = 8.9, 6.9 Hz, 1H), 8.16 (d, J = 8.5 Hz, 2H), 7.87 (d, J = 8.1 Hz, 2H), 7.81 — 7.74 (m, 4H),
7.68 (t, J = 8.0 Hz, 2H), 7.64 (t, = 3.4 Hz, 2H), 7.34 (d, J = 2.6 Hz, 2H), 7.13 (d, J = 2.5 Hz, 2H), 4.02
(dd, J = 27.4, 6.5 Hz, 8H), 3.71 — 3.67 (m, 4H), 2.97 (t, J = 2.5 Hz, 2H), 2.22 — 2.08 (m, 4H), 1.10 (dd,
J=6.6, 1.3 Hz, 24H).

13C NMR (125 MHz, DMSO-ds) 6 167.0, 166.2, 161.1, 161.3, 160.5, 159.5, 150.0, 149.3, 149.0, 148.9,
148.2, 147.9, 142.3, 139.7, 111.2, 110.8, 110.4, 110.1, 108.8, 108.5, 80.4, 74.4, 74.1, 72.5, 27.1, 18.4.

HRMS (MALDI-TOF) calcd for CesHg7N1sO1s, 1272.4994 [M + Na]*; found, 1272.4985.

Compound III-64

[§>=<§])oL "

Chemical Formula: C7H40S4
Molecular Weight: 231.9145

Dry TTF (1.5 g, 7 mmol, 1 eq.) was dissolved in anhydrous diethyl ether (150 mL) under argon
atmosphere. The solution was cooled down to —78°C and a solution of LDA 1 M in THF/hexane
(7 mmol) was added dropwise. A thick yellow suspension appeared and the medium was stirred
for 30 min at —78°C. Then, N-methyl-N—phenylformamide (3 g, 24 mmol, 3 eq.) was added
dropwise and the mixture was stirred for 45 min at —78°C and the allowed to warm up to room
temperature overnight. Diethyl ether (70 mL) and hydrochloric acid 3 M (70 mL) were added,
producing a deep red solution. The organic layer was separated and washed with hydrochloric
acid (3 x 50 mL) and water (3 x 50 mL). The solvent was removed under reduced pressure and
the crude was purified by silica gel chromatography (eluent DCM/PE/EtsN 79/20/1) to afford
compound III-6 as a red solid (1.3 g, 76 %).

IH NMR (300 MHz, CDCls) § 9.45 (s, 1H), 7.43 (s, 1H), 6.41 — 6.26 (m, 2H).

13C NMR (75 MHz, CDCl3) 6 179.8, 141.5, 140.1, 119.5, 118.9, 116.0, 105.6.

Compound ITI-74

<™

Chemical Formula: C7HeOS4
Molecular Weight: 233.9301
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Sodium borohydride (173 mg, 4.3 mmol, 2 eqg.) was added to a solution of 4-—
formyltetrathiafulvalene I11-6 (500 mg, 2 mmol) in absolute ethanol (45 mL). The solution
quickly turned yellow and the mixture was stirred for 1 hour at room temperature.
Dichloromethane (100 mL) was added and the organic layer was washed with a saturated
solution of sodium chloride (3 x 50 mL) and water (3 x 50 mL), dried over magnesium sulfate
and evaporated under vacuum. The crude was purified by silica gel chromatography (eluent
DCM/PE/Et3N 60/39/1) to afford compound IT1-7 as a yellow oil that solidifies on standing at
RT (351 mg, 70 %).

'H NMR (300 MHz, Acetone—ds) & 6.61 (s, 2H), 6.4 (t, ] = 1.3 Hz, 1H), 4.36 (br, 2H).

13C NMR (75 MHz, Acetone—dg) 5 139.3, 120.3, 120.2, 114.7, 110.6, 110.2, 60.3.

Compound I11-8°

™

Chemical Formula: C7HsN3S4
Molecular Weight: 258.9366

4—(Hydroxymethyl)tetrathiafulvalene III-7 (350 mg, 1 mmol) was dissolved in dry DMF (35
mL), then diphenyl phosphoryl azide (DPPA) (2 g, 7 mmol, 5 eq.) was added. The mixture was
cooled in an ice bath and 1,8-diazabicyclo[5.4.0Jundec—7—ene (DBU) (255 mg, 1.6 mmol, 1.1
eq.) was added. After stirring for 4 hours under argon atmosphere at room temperature, sodium
azide (491 mg, 7.5 mmol, 5 eqg.) was added and the mixture was stirred overnight. DMF was
partially evaporated and dichloromethane (80 mL) was added. The organic layer was washed
with water (3 x 100 mL), dried over magnesium sulfate and the solvent was partially evaporated
under reduced pressure. The desired product was purified by silica gel chromatography
(DCM/PE/EtsN 39/60/1, solid deposit in DCM/EtsN) to afford III-8 as a yellow oil that
solidifies on standing at RT (349 mg, 90 %).

IH NMR (300 MHz, Acetonitrile—ds) & 6.49 (t, J = 1.1 Hz, 1H), 6.47 (s, 2H), 4.15 (br, 2H).

Foldamer C
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Chemical Formula: C79H77N21012Ss
Molecular Weight: 1767.3826

Foldamer B (100 mg, 80 umol, 1 eq.) and azide ITI-8 (83 mg, 320 umol, 4 eq.) were dissolved
in a mixture of DMSO and dry DCM (1/1, 4 mL) and the solution was purged with argon for
10 minutes. Then, copper sulfate (1.3 mg, 8 umol, 0.1 eq.) and sodium ascorbate (1.6 mg, 8
pmol, 0.1 eq.) were added. The mixture was stirred overnight at room temperature. The solution
was diluted with dichloromethane (20 mL) and washed with water (3 x 30 mL). The organic
layer was evaporated and the crude was purified first by silica gel chromatography (eluent DCM
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and then DCM/MeOH/EtsN 96/3/1) and then via recycling size exclusion chromatography (sec)
to afford foldamer C as a yellow solid (119 mg, 85 %).

'H NMR (500 MHz, DMSO-ds) & 10.85 (s, 2H), 10.67 (s, 2H), 10.24 (s, 2H), 9.98 (t, J = 6.3 Hz, 2H),
8.24 (g, J = 5.4 Hz, 3H), 7.90 — 7.82 (m, 4H), 7.81 — 7.75 (m, 4H), 7.72 — 7.62 (m, 4H), 7.32 (d, J = 2.6
Hz, 2H), 7.08 (d, J = 2.4 Hz, 2H), 6.76 (s, 2H), 6.62 — 6.54 (m, 4H), 5.28 (s, 4H), 4.16 (s, 4H), 4.03 (dd,
J=12.6, 6.5 Hz, 8H), 2.17 (dtd, J = 13.3, 6.6, 1.9 Hz, 3H), 1.11 (t, J = 6.8 Hz, 24H).

13C NMR (125 MHz, DMSO-ds) & 167.4, 166.5, 162.4, 161.7, 160.9, 159.8, 150.3, 149.8, 149.4, 149.3,
148.4, 148.2, 145.2, 140.0, 130.0, 123.0, 120.5, 119.8, 111.7, 111.5, 110.7, 110.4, 109.0, 108.6, 107.3,
74.8,74.5,47.8, 40.4, 27.5, 18.8.

HRMS (MALDI-TOF) calcd for C79H77N12012Ss, 1790.3735 [M + NaJ*; found, 1790.3718.

Compound I11-9°

Chemical Formula: C14HsN30g
Molecular Weight: 359.0026

9-Fluorenone—2—carboxylic acid (940 mg, 4 mmol, 1 eq.) was added slowly to a solution of
sulphuric acid (18 mL) and nitric acid (18 mL, 99 %) at 0°C. The solution was stirred for 5
minutes at 0°C, and then, allowed to reflux for 3 hours. The reaction was cooled to room
temperature and the mixture was poured into 400 mL of crushed ice. A yellow precipitate was
collected by filtration and washed three times with cold water. The precipitate was dried under
vacuum to afford compound III-9 as yellow solid (1 g, 69 %).

IH NMR (300 MHz, DMSO-ds) 6 8.93 (d, J = 2.2 Hz, 1H), 8.70 (d, J = 2.1 Hz, 1H), 8.63 (s, 1H), 8.46
(s, 1H).

HRMS (MALDI-TOF) calcd for C14HsN3Og, 359.0020 [M]*; found, 359.0031.

Compound III-10

Chemical Formula: C16HoN7Os
Molecular Weight: 427.0513

Dry compound IT1-9 (480 mg, 1 mmol, 1 eq.) was dissolved in 5 mL of dry dichloromethane
under inert conditions. Oxalyl chloride (573 pL, 6.7 mmol, 5 eg.) and a drop of dry
dimethylformamide were added. A gas release was observed and the mixture was stirred for 2
hours under argon atmosphere. Excess oxalyl chloride and dichloromethane were removed
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under vacuum using a liquid nitrogen trap and the solid was left under vacuum for 3 H. The
resulting acid chloride was dissolved in dry THF (10 mL). Then, a solution of 2—
azidoethanamine (1.5 g, 13.36 mmol, 10 eq.) and DIPEA (1.2 mL, 6.7 mmol, 5 eq.) in THF (10
mL) was added to the solution of acid chloride. The mixture was then stirred at room
temperature for 12 h. The solvent was removed under reduced pressure and the residue was
purified by silica gel chromatography using DCM/EtOAc (90/10) to afford compound ITI-10
as a white solid (380 mg, 54 %).

'H NMR (300 MHz, CDCls) § 8.95 (d, J = 2.1 Hz, 1H), 8.82 (d, J = 2.1 Hz, 1H), 8.62 (d, J = 1.7 Hz,
1H), 8.54 (d, J = 1.6 Hz, 1H), 7.20 (t, J = 5.6 Hz, 1H), 3.76 — 3.67 (m, 2H), 3.67 — 3.60 (M, 2H).

3C NMR (75 MHz, CDCls) § 185.1, 163.2, 149.6, 146.9, 139.3, 138.6, 138.5, 137.9, 129.7, 126.9, 125.5,
122.8, 50.6, 40.0.

HRMS (MALDI-TOF) calcd for C16HoN7Os, 427.0524 [M]*; found, 427.0518.

Foldamer D
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Chemical Formula: Co7HgsN20028
Molecular Weight: 2103.6119

Foldamer B (150 mg, 120 pmol, 1 eq.) and azide III-10 (230 mg, 480 umol, 4 eq.) were
dissolved in a mixture of DMSO and dry DCM (1/1, 5 mL) and the solution was purged with
argon for 10 minutes. Then, copper sulfate (2 mg, 12 umol, 0.1 eg.) and sodium ascorbate (2.6
mg, 12 umol, 0.1 eq.) were added. The mixture was stirred overnight at room temperature. The
solution was diluted with dichloromethane (20 mL) and washed with water (3 x 30 mL). The
organic layer was evaporated and the crude was purified first by silica gel chromatography
(eluent DCM and then DCM/MeOH 98/2) and then via recycling size exclusion
chromatography (sec) to afford foldamer D as a brown solid (184 mg, 70 %).

IH NMR (300 MHz, DMSO-ds) & 10.73 (s, 2H), 10.64 (s, 2H), 10.18 (s, 2H), 9.90 (t, J = 6.2 Hz, 2H),
9.06 (t, J = 5.7 Hz, 2H), 8.91 (d, J = 2.1 Hz, 2H), 8.60 (d, J = 2.1 Hz, 2H), 8.48 (d, J = 1.6 Hz, 2H), 8.32
(d, J = 1.6 Hz, 2H), 8.22 — 8.14 (m, 3H), 7.85 — 7.68 (m, 6H), 7.68 — 7.55 (m, 6H), 7.25 (d, J = 2.6 Hz,
2H), 7.03 (d, J = 2.5 Hz, 2H), 4.45 (t, J = 3.8 Hz, 4H), 4.09 (m, 4H), 4.00 (m, 8H), 3.64 (m, 4H), 2.17
(td, J = 6.6, 2.9 Hz, 4H), 1.11 (dd, J = 6.7, 1.3 Hz, 24H).

HRMS (MALDI-TOF) calcd for Co7HasN2902s, 2104.62300 [M + H]*; found, 2104.6191.
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Compound III1-12
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Chemical Formula: C17H11NOs
Molecular Weight: 309.0637

A mixture of propylamine (1.35 mL, 11 mmol, 1 eq.) and dry DIPEA (4.78 mL, 27 mmol, 2.5
eq) in 3 mL of dry DMF was added dropwise to a solution of 1, 4, 5 8-
naphthalenetetracarboxylic acid dianhydride (3 g, 11 mmol, 1 eq.) in 30 mL of dry DMF heated
to reflux. The mixture was stirred overnight at 140°C under argon conditions and then allowed
to warm up to room temperature. The solvent was removed under reduced pressure and the
crude was purified by silica gel chromatography using dichloromethane as eluent to afford
compound III-12 as a white powder (560 mg, 15 %).

'H NMR (300 MHz, CDCls) 5 8.82 (s, 4H), 4.21-4.15 (t, J = 7.6 Hz, 2H), 1.78 (m, 2H), 1.03 (t, J = 7.4
Hz, 3H).

13C NMR (75 MHz, CDCls) § 162.4, 159.0, 133.3, 131.4, 129.0, 128.1, 122.9, 42.8, 21.5, 11.6.

S~
N3
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Chemical Formula: C19H15N504
Molecular Weight: 377.1124

Compound III-13

A mixture of 2—azidoethanamine (696 mg, 8 mmol, 5 eq.) and dry DIPEA (0.85 mL, 4 mmol,
2.5 eq.) in 5 mL of dry DMF, was added dropwise to a solution of II-12 (0.5 g, 1.6 mmol,
leq.) in 30 mL of dry DMF at room temperature under argon atmosphere. The mixture was
heated to reflux overnight. The solvent was evaporated and the crude was dissolved in
dichloromethane, washed with water (3 x 30 mL), dried over magnesium sulfate and
concentrated under reduced pressure to afford compound IT1-13 as a pale orange powder (987
mg, 82 %).

IH NMR (300 MHz, CDCls) § 8.73 (d, J = 1.2 Hz, 4H), 4.44 (t, J = 6.2 Hz, 2H), 4.14 (dd, J = 8.6, 6.7
Hz, 2H), 3.67 (t, J = 6.1 Hz, 2H), 1.74 (ddd, J = 13.3, 8.3, 6.7 Hz, 2H), 1.01 (t, J = 7.4 Hz, 3H).

13C NMR (75 MHz, CDCls) & 162.9, 162.7, 131.3, 131.0, 126.9, 126.8, 126.2, 48.8, 42.5, 39.3, 21.4,
11.5.

HRMS (MALDI-TOF) calcd for C19H15NsO4, 377.1131 [M]*; found, 377.1129.
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Chemical Formula: Ci103Hgs7N26020
Molecular Weight: 2003.7342

Foldamer B (100 mg, 80 pumol, 1 eq.) and azide III-13 (105 mg, 280 pumol, 3.5 eq.) were
dissolved in a mixture of DMSO and dry DCM (1/1, 4 mL) and the solution was purged with
argon for 10 minutes. Then, copper sulfate (1.3 mg, 8 umol, 0.1 eq.) and sodium ascorbate (1.6
mg, 8 umol, 0.1 eq.) were added. The mixture was stirred overnight at room temperature. The
solution was diluted with dichloromethane (20 mL) and washed with water (3 x 30 mL). The
organic layer was evaporated and the crude was purified by silica gel chromatography (eluent
DCM and then DCM/MeOH 97/3) to afford foldamer E as a yellow solid (104 mg, 65 >w%).

'H NMR (500 MHz, DMSO-ds) & 10.84 (s, 2H), 10.57 (s, 2H), 10.24 (s, 2H), 9.88 (t, J = 6.2 Hz, 2H),
8.48 — 8.38 (m, 8H), 8.19 — 8.08 (M, 4H), 7.88 (d, J = 8.0 Hz, 2H), 7.79 (d, J = 8.3 Hz, 4H), 7.75 — 7.68
(m, 4H), 7.55 (d, J = 2.4 Hz, 2H), 7.21 (d, J = 2.5 Hz, 2H), 7.08 (d, J = 2.4 Hz, 2H), 4.58 (t, J = 5.7 Hz,
4H), 4.31 (t, J = 5.9 Hz, 4H), 4.06 (s, 4H), 3.96 (dd, J = 11.0, 6.3 Hz, 12H), 2.15 (m, 4H), 1.65 (m, J =
7.4 Hz, 4H), 1.09 (d, J = 6.7 Hz, 24H), 0.94 (t, J = 7.4 Hz, 6H).

13C NMR (125 MHz, DMSO-dg) 8 167.2, 166.5, 162.3, 161.7, 160.9, 150.2, 149.9, 149.7, 149.4, 149.2,
148.6, 148.3, 144.7, 140.0, 130.3, 130.1, 126.1, 125.8, 123.6, 111.0, 110.7, 109.3, 74.7, 74.4, 46.89,
41.65, 40.43, 34.0, 27.53, 20.7, 18.8, 11.3.

HRMS (MALDI-TOF) calcd. for C103Hg7N25020, 2042.6974 [M + K]*; found, 2042.6973.

OH

Compound I1I-14

Chemical Formula: C11H1002
Molecular Weight: 174.0681

1,5-Dihydroxynaphthalene (5 g, 31 mmol, 1 eq.) and potassium carbonate K.COz (4.75 g, 34
mmol, 1.10 eq.) were dissolved in ACN (100 mL) under argon atmosphere. Then, 1.93 mL
(4.43 g, 1 eq.) of iodomethane was added. The mixture was stirred overnight at 80°C. The
solvent was evaporated, the solid was dissolved in 300 mL of DCM and filtered over celite.
The organic layer was washed with NaHCO3 (3 x 100 mL) and H>O (3 x 100 mL), dried over
magnesium sulfate and the solvent was evaporated under reduced pressure. The desired product

204



was purified by silica gel chromatography (eluent DCM) to afford I1I-14 as a beige powder
(1.9 g, 35 %).

'H NMR (300 MHz, DMSO-dg) 5 10.07 (s, 1H), 7.69 (ddt, J = 38.7, 8.4, 0.9 Hz, 2H), 7.32 (ddd, J =
16.0, 8.5, 7.6 Hz, 2H), 6.98 — 6.86 (m, 2H), 3.93 (s, 3H).

13C NMR (75 MHz, DMSO-ds) 6 154.7, 153.1, 126.3, 125.6, 124.6, 114.2, 112.0, 108.7, 104.5, 55.4.

Compound III-15

Chemical Formula: C13H1403
Molecular Weight: 218.0943

5-Methoxynaphthalen—1-ol I1I-14 (812 mg, 4 mmol, 1 eq.) and potassium carbonate K.CO3
(3.2 g, 23 mmol, 5 eq.) were dissolved in dry DMF (40 mL) under argon atmosphere. The
solution was heated to 90°C and then, 992 pL (13 mmol, 3 eq.) was added. The mixture was
stirred overnight at 90°C. DMF was evaporated, and the solid was dissolved in 100 mL of DCM
and filtrated over celite. The organic layer was washed with NaHCO3 (3 x 100 mL) and H;O
(3 x 100 mL), dried over magnesium sulfate and the solvent was evaporated under reduced
pressure. The desired product was purified by silica gel chromatography (eluent DCM) to afford
II1-15 as a brown powder (1 g, quantitative).

IH NMR (300 MHz, DMSO-de) 8 7.76 (ddt, J = 36.2, 8.5, 0.9 Hz, 2H), 7.39 (ddd, J = 8.5, 7.7, 6.6 Hz,
2H), 6.98 (ddd, J = 7.7, 2.1, 1.0 Hz, 2H), 4.96 (t, J = 5.7 Hz, 1H), 4.48 (s, 2H), 4.14 (dd, = 5.4, 4.5 Hz,
2H), 3.95 (s, 3H), 3.91 — 3.80 (m, 2H).

13C NMR (75 MHz, CDCls) 8 155.4, 154.2, 126.7, 125.4, 125.2, 114.8, 114.0, 105.9, 104.7, 69.7, 64.6,
61.7, 55.6.

HRMS (MALDI-TOF) calcd for C13H1403, 218.0943 [M]*; found, 218.0945.

Compound III-16

Chemical Formula: C2sH2306P
Molecular Weight: 450.1232
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To asolution of III-15 (160 mg, 733 umol, 1 eq.) in 8 mL of dry DMF under argon atmosphere,
0.8 mL (3 mmol, 5 eq.) diphenyl phosphoryl azide (DPPA) was added. The mixture was cooled
in an ice bath and 1,8—diazabicyclo[5.4.0Jundec—7—ene (DBU) (0.12 mL, 806 pmol, 1.1 eq.)
was added. After stirring for 4 hours under argon atmosphere at room temperature, the reaction
was stopped. DMF was evaporate and the corresponding oil was dissolved in DCM (50 mL)
and washed with water (3 x 50 mL), dried over magnesium sulfate and the solvent was
evaporated under reduced pressure. The desired product was purified by silica gel
chromatography (eluent DCM) to afford III-16 as a brown oil (252 mg, 79 %).

'H NMR (300 MHz, CDCl3) 8 7.95 — 7.84 (m, 2H), 7.40 — 7.23 (m, 10H), 7.21 — 7.05 (m, 2H), 6.86 —
6.67 (M, 2H), 4.73 — 4.61 (m, 2H), 4.25 (td, J = 4.4, 1.6 Hz, 2H), 3.95 (s, 3H).

13C NMR (75 MHz, CDCls) 6 155.0, 153.7, 150.4, 129.7, 126.5, 125.3, 124.9, 120.0, 114.8, 114.3, 105.5,
67.2,66.7,55.4.

HRMS (MALDI-TOF) calcd for CzsH2304P, 450.1225 [M]*; found, 450.1226.

Compound III-17

Chemical Formula: C13H13N302
Molecular Weight: 2243.1008

To a solution of II-16 (252 mg, 580 umol, 1 eq.) in 7 mL of dry DMF, 188 mg of sodium
azide NaN3z and 1 mL of H2O were added. The mixture was heated to 80°C overnight. The
solution was diluted with 30 mL of DCM, washed with H,O (3 x 50 mL), dried over magnesium
sulfate and the solvent was evaporated under reduced pressure. The crude was purified by silica
gel chromatography (eluent DCM) to afford III-17 as a white powder (87 mg, 61 %).

IH NMR (300 MHz, CDCls) 8 7.93 — 7.82 (m, 2H), 7.39 (ddd, J = 12.8, 8.6, 7.7 Hz, 2H), 6.91 — 6.79
(m, 2H), 4.36 — 4.27 (m, 2H), 4.00 (s, 3H), 3.72 (t, J = 4.9 Hz, 2H).

13C NMR (75 MHz, CDCls) $ 155.3, 154.0, 126.8, 126.6, 125.6, 125.0, 115.1, 114.3, 105.5, 104.8, 67.3,
55.6, 50.6, 29.8.

HRMS (MALDI-TOF) calcd for CssHsN10Og, 243.1005 [M]*; found, 243.1002.
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Foldamer F

Chemical Formula: Co1HosN21016
Molecular Weight: 1735.7109

Foldamer B (100 mg, 80 pumol, 1 eq.) and azide III-17 (78 mg, 320 umol, 4 eq.) were dissolved
in a mixture of DMSO and dry DCM (1/1, 4 mL) and the solution was purged with argon for
10 minutes. Then, copper sulfate (1.3 mg, 8 umol, 0.1 eq.) and sodium ascorbate (1.6 mg, 8
pmol, 0.1 eq.) were added. The mixture was stirred overnight at 35°C. The solution was diluted
with dichloromethane (20 mL) and washed with water (3 x 30 mL). The organic layer was
evaporated and the crude was purified first by silica gel chromatography (eluent DCM and then
DCM/MeOH 97/3) and then via recycling size exclusion chromatography (sec) to afford
foldamer F as a yellow solid (89 mg, 65 %).

'H NMR (500 MHz, DMSO-ds) & 10.81 (s, 2H), 10.65 (s, 2H), 10.19 (s, 2H), 9.97 (t, J = 6.2 Hz, 2H),
8.24 — 8.17 (m, 3H), 7.96 (s, 2H), 7.88 (d, J = 8.1 Hz, 2H), 7.80 — 7.74 (m, 4H), 7.68 (d, J = 2.5 Hz,
2H), 7.65 (t, J = 8.0 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 2.6 Hz, 2H),
7.25 (t, J = 8.1 Hz, 2H), 7.07 (d, J = 2.5 Hz, 2H), 7.03 (t, J = 8.1 Hz, 2H), 6.87 (d, J = 7.6 Hz, 2H), 6.74
(d, J = 7.7 Hz, 2H), 4.76 (t, J = 5.0 Hz, 4H), 4.39 (t, = 5.1 Hz, 4H), 4.14 (s, 4H), 4.03 (dd, J = 17.2,
6.5 Hz, 8H), 3.84 (s, 6H), 2.23 — 2.13 (M, J = 6.8 Hz, 4H), 1.11 (dd, J = 6.7, 3.5 Hz, 24H).

13C NMR (125 MHz, DMSO-dg) & 167.3, 166.5, 162.3, 161.7, 160.8, 159.7, 154.4, 153.0, 150.3, 149.9,
149.7, 149.4, 149.2, 148.4, 148.1, 144.8, 125.6, 125.1, 123.5, 113.9, 113.2, 106.0, 104.6, 74.6, 66.4,
55.3, 48.8, 27.5, 18.8.

HRMS (MALD|—TOF) calcd for C91H93N21016, 1758.7032 [|V| + Na]+; fOUﬂd, 1758.7001.

=<
BEese!
o o
Chemical Formula: C19H1sNOg
Molecular Weight: 337.0950

Compound III-18

A mixture of pentan—3-amine (1.69 mL, 11 mmol, 1 eq.) and dry DIPEA (4.8 mL, 28 mmol,
25 eq.) in 3 mL of dry DMF was added dropwise to a solution of 1, 4, 5, 8-
naphthalenetetracarboxylic acid dianhydride (3 g, 11 mmol, 1 eq.) in 30 mL of dry DMF heated
to reflux. The mixture was stirred overnight at 140°C under argon conditions and then allowed
to warm up to room temperature. The solvent was removed under reduced pressure and the
crude was purified by silica gel chromatography using dichloromethane as eluent to afford
compound ITI-18 as a white powder (1.2 g, 32 %).
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'H NMR (500 MHz, CDCls) & 8.83 — 8.76 (m, 4H), 5.02 (m, 1H), 2.27 — 2.14 (m, 2H), 1.93 (m, 2H),
0.89 (td, J = 7.5, 1.6 Hz, 6H).

13C NMR (125 MHz, CDCls) § 163.0, 159.0, 133.2, 131.3, 128.9, 128.2, 127.1, 122.7, 58.6, 25.0, 11.4.

HRMS (MALDI-TOF) calcd for C1oH1sNOs, 338.1023 [M + H]*; found, 338.1023.

Compound III-19

Chemical Formula: C2:H19Ns04
Molecular Weight: 405.1437

A mixture of 2—azidoethanamine (1.3 g, 15 mmol, 5 eq.) and dry DIPEA (1.7 mL, 9 mmol, 2.5
eq.) in 5 mL of dry DMF, was added dropwise to a solution of III-18 (1 g, 3 mmol, 1eq.) in 30
mL of dry DMF at room temperature under argon atmosphere. The mixture was heated to reflux
overnight. The solvent was evaporated and the crude was dissolved in dichloromethane, washed
with water (3 x 30mL), dried over magnesium sulfate and concentrated under reduced pressure
to afford compound III-19 as a pale orange powder (987 mg, 82 %).

'H NMR (300 MHz, CDCls) & 8.82 — 8.70 (m, 4H), 5.03 (tt, J = 9.5, 5.9 Hz, 1H), 4.47 (t, J = 6.1 Hz,
2H), 3.69 (t, = 6.1 Hz, 2H), 2.22 (tt, J = 14.8, 7.5 Hz, 2H), 1.93 (tt, J = 13.4, 7.4 Hz, 2H), 0.90 (t, J =
7.5 Hz, 6H).

13C NMR (75 MHz, CDCls) 6 163.1, 131.4, 127.0, 126.8, 126.0, 58.3, 48.8, 25.0, 11.4.

HRMS (MALDI-TOF) calcd for C2:H1gNsO4, 405.1447 [M]; found, 405.1442.

Compound III-20

Chemical Formula: Cs7H42NgO7
Molecular Weight: 710.3176

I11-4 (100 mg, 213 pmol, 1 eq.) and azide ITI-17 (62 mg, 256 pmol, 1.2 eq.) were dissolved in
a mixture of DMSO and dry DCM (1/1) and the solution was purged with argon. Then, copper
sulfate (3.4 mg, 21 pmol, 0.1 eq.) and sodium ascorbate (4.2 mg, 21 umol, 0.1 eqg.) were added.
The mixture was stirred overnight at room temperature. The solution was diluted with
dichloromethane (20 mL) and washed with water (3 x 50 mL). The organic layer was
evaporated and the crude was purified by silica gel chromatography (eluent DCM/EtOAc 9/1)
to afford I1I-20 as a white solid (129 mg, 84 %).
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'H NMR (500 MHz, CDCls) & 10.15 (s, 1H), 8.94 (t, , J = 7.5 Hz 1H), 8.01 (dd, J = 7.6, 1.2 Hz, 1H),
7.92 — 7.86 (m, 2H), 7.83 (dd, J = 9.5, 1.8 Hz, 2H), 7.74 (t, J = 7.9 Hz, 1H), 7.70 (d, J = 8.0 Hz, 1H),
7.66 (dt, J = 8.5, 0.9 Hz, 1H), 7.37 (s, 1H), 7.34 — 7.26 (m, 2H), 6.78 (t, J = 7.2 Hz, 2H), 4.94 (t, J = 5.0
Hz, 2H), 4.80 (d, J = 5.8 Hz, 2H), 4.54 (t, J = 5.0 Hz, 2H), 3.95 (s, 3H), 3.92 (d, J = 6.5 Hz, 2H), 2.15
(dg, J = 13.2, 6.8 Hz, 1H), 1.56 (s, 9H), 1.05 (d, J = 6.7 Hz, 6H).

13C NMR (125 MHz, CDCls) § 168.2, 163.5, 161.5, 155.2, 153.2, 152.3, 150.5, 150.1, 149.0, 144.9,
140.7, 126.7, 126.3, 125.7, 124.8, 123.3, 115.5, 113.6, 111.6, 111.3, 108.3, 105.7, 104.7, 81.2, 75.3,
66.5, 55.5, 49.9, 34.9, 19.1.

HRMS (MALDI-TOF) calcd for Cs7H42NgO7, 733.3049 [M + Na]*; found, 733.3068.

Compound II1-21

0 N=N /O/Y
Reo SRS aRarRe:

Chemical Formula: CssHasN1009
Molecular Weight: 872.3606

II1-4 (100 mg, 213 pmol, 1 eq.) and azide III-19 (104 mg, 256 umol, 1.2 eq.) were dissolved
in a mixture of DMSO and dry DCM (1/1) and the solution was purged with argon. Then,
copper sulfate (3.4 mg, 21 umol, 0.1 eq.) and sodium ascorbate (4.2 mg, 21 umol, 0.1 eq.) were
added. The mixture was stirred overnight at room temperature. The solution was diluted with
dichloromethane (20 mL) and washed with water (3 x 50 mL). The organic layer was
evaporated and the crude was purified by silica gel chromatography (eluent CHCIs/EtOAc 9/1)
to afford III-21 as a yellow solid (180 mg, 96 %).

IH NMR (300 MHz, CDCl5) 8 9.92 (s, 1H), 8.91 (t, J = 5.1 Hz, 1H), 8.46 (s, 4H), 7.88 (t, J = 1.6 Hz,
1H), 7.86 — 7.78 (m, 3H), 7.66 (d, J = 7.9 Hz, 1H), 7.45 (t, J = 8.0 Hz, 1H), 7.30 (s, 1H), 5.06 — 4.94 (m,

1H), 4.88 (t, J = 5.5 Hz, 2H), 4.75 (d, J = 5.2 Hz, 2H), 4.67 (t, J = 5.5 Hz, 2H), 3.96 (d, J = 6.5 Hz, 2H),
2.17 (m, 3H), 1.95 (m, 2H), 1.56 (s, 9H), 1.08 (d, J = 6.7 Hz, 6H), 0.93 (t, J = 7.4 Hz, 6H).

13C NMR (75 MHz, CDCls) 6 168.6, 162.9, 162.6, 160.6, 152.0, 150.3, 149.6, 148.3, 144.7, 139.9, 130.7,
126.4, 125.3, 122.6, 110.9, 107.7, 106.9, 81.0, 58.1, 48.2, 40.0, 35.2, 28.1, 24.8, 19.0, 11.3.

HRMS (MALDI-TOF) calcd for CssH4gN100g, 911.3236 [M + K]; found, 911.3237.

Compound III-22

Chemical Formula: Ca3H3sN7Os
Molecular Weight: 625.2649
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The dry carboxylic acid III-2 (137 mg, 248 pmol, 1 eq.) was dissolved in 5 mL of dry
dichloromethane under argon atmosphere and 1-chloro—N,N,2—trimethyl-1-propenylamine
(Ghosez’s reagent, 0.26 mL, 2 mmol, 8 eq.) was added. The mixture was stirred overnight at
room temperature. The latter was evaporated under vacuum using a liquid nitrogen trap and the
solid is dried under vacuum for 3 hours. The latter was dissolved in 10 mL of anhydrous THF
and added dropwise to a mixture of propragylamine (73 pL, 993 umol, 4 eq.) and DIPEA (210
pL, 1 mmol, 5eq.) in 5 mL of dry THF. The mixture was stirred overnight at room temperature.
The solvent was then removed under reduced pressure and the crude was purified by silica gel
chromatography (eluent DCM/EtOAc 95/5) to afford compound III-22 as a white solid (135
mg, 87 %).

'H NMR (300 MHz, CDCls) 5 10.24 (s, 2H), 8.77 — 8.67 (m, 2H), 8.15 (d, J = 8.1 Hz, 2H), 7.96 — 7.88
(m, 4H), 7.82 (t, J = 8.1 Hz, 1H), 4.36 (dd, J = 5.8, 2.5 Hz, 4H), 3.85 (d, J = 6.5 Hz, 4H), 2.23 (t, J = 2.5
Hz, 2H), 2.11 (dt, J = 13.3, 6.7 Hz, 2H), 1.01 (d, J = 6.7 Hz, 12H).

13C NMR (75 MHz, CDCls) 6 168.4, 163.6, 162.1, 151.0, 150.4, 149.3, 141.3, 112.2, 110.6, 79.8, 75.4,
71.6, 29.3, 28.0, 19.1.

HRMS (MALDI-TOF) calcd for CssHasN7Os, 626.2711 [M + H]*; found, 626.2721.

Compound III-23

Chemical Formula: CsgHe1N13010
Molecular Weight: 1111.4664

Dialkyne III-22 (70 mg, 112 ymol, 1 eq.) and azide III-17 (95 mg, 392 umol, 3.5 eq.) were
dissolved in a mixture of DMSO and dry DCM (1/1) and the solution was purged with argon
for 10 minutes. Then, copper sulfate (178 pg, 1 umol, 0.1 eq.) and sodium ascorbate (221 pg,
1 pumol, 0.1 eq.) were added. The mixture was stirred overnight at 35°C. The solution was
diluted with dichloromethane (20 mL) and washed with water (3 x 30 mL). The organic layer
was evaporated and the crude was purified by silica gel chromatography (eluent DCM) to afford
I11-23 as a yellow solid (96 mg, 78 %).

'H NMR (300 MHz, CDCls) & 10.20 (s, 2H), 9.14 (s, 2H), 8.12 (d, J = 8.0 Hz, 2H), 7.85 (d, J = 2.5 Hz,
2H), 7.83 — 7.76 (m, 5H), 7.73 (dd, J = 8.5, 0.9 Hz, 2H), 7.59 (dd, J = 8.6, 0.9 Hz, 2H), 7.19 (t, J = 8.1
Hz, 4H), 6.64 (ddd, J = 15.1, 7.7, 0.9 Hz, 4H), 4.67 (t, J = 5.0 Hz, 4H), 4.63 (d, J = 6.2 Hz, 4H), 4.30 t,
J = 5.0 Hz, 4H), 3.90 (s, 6H), 3.87 (d, J = 6.5 Hz, 4H), 2.14 (m, J = 6.6 Hz, 2H), 1.04 (d, J = 6.7 Hz,
12H).

13C NMR (75 MHz, CDCls) 6 168.2, 163.7, 161.8, 155.2, 153.3, 150.8, 149.9, 149.3, 145.4, 141.0, 126.6,
126.3, 125.7, 124.9, 123.5, 115.3, 113.7, 111.7, 110.4, 105.7, 104.6, 75.3, 66.5, 55.5, 49.8, 34.8, 28.1,
19.1.

HRMS (MALDI-TOF) calcd for CsoHg1N13O10, 1134.4565 [M + Na]*; found, 1134.4556.
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Compound I1I-24

Chemical Formula: C7sH73N17014
Molecular Weight: 1435.5523

Dialkyne I1I-22 (70 mg, 112 pmol, 1 eq.) and azide III-19 (113 mg, 280 pmol, 2.5 eq.) were
dissolved in a mixture of DMSO and dry DCM (1/1) and the solution was purged with argon
for 10 minutes. Then, copper sulfate (178 pg, 1 pmol, 0.1 eq.) and sodium ascorbate (221 pg,
1 pmol, 0.1 eq.) were added. The mixture was stirred overnight at room temperature. The
solution was diluted with dichloromethane (20 mL) and washed with water (3 x 30 mL). The
organic layer was evaporated and the crude was purified by silica gel chromatography (eluent
DCM) to afford I11-24 as a yellow solid (144 mg, 90 %).

'H NMR (300 MHz, CDCls) & 10.11 (s, 2H), 8.94 (s, 2H), 8.61 — 8.49 (m, 8H), 7.93 — 7.85 (m, 4H),
7.85 - 7.76 (m, 4H), 7.61 (d, J = 8.3 Hz, 2H), 4.99 (tt, J = 9.4, 5.9 Hz, 2H), 4.61 (dt, J = 18.1, 6.2 Hz,
12H), 3.95 (d, J = 6.5 Hz, 4H), 2.18 (dqd, J = 14.7, 7.4, 2.7 Hz, 6H), 1.92 (ddd, J = 13.6, 7.5, 6.1 Hz,
4H), 1.07 (d, J = 6.7 Hz, 12H), 0.89 (t, J = 7.4 Hz, 12H).

13C NMR (75 MHz, CDCls) 6 168.3, 163.5, 162.8, 161.6, 150.8, 145.3, 131.0, 126.8, 126.6, 125.5, 123.5,
111.7,110.0, 75.4, 58.3, 40.2, 34.9, 28.1, 25.0, 19.2, 11.4.

HRMS (MALDI-TOF) calcd for C7sH73N17014, 1458.5397 [M + Na]*; found, 1458.5415.

Foldamer G
(o} N N (o]
¢ T T T S QN
(o] o |/ (o] (o] |/ o (o] I/ o o

Chemical Formula: Ci1o7H105N25020
Molecular Weight: 2059.7968
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Foldamer B (100 mg, 80 pmol, 1 eq.) and azide ITI-19 (105 mg, 280 umol, 3.5 eq.) were
dissolved in a mixture of DMSO and dry DCM (1/1, 4 mL) and the solution was purged with
argon for 10 minutes. Then, copper sulfate (1.3 mg, 8 umol, 0.1 eq.) and sodium ascorbate (1.6
mg, 8 umol, 0.1 eq.) were added. The mixture was stirred overnight at room temperature. The
solution was diluted with dichloromethane (20 mL) and washed with water (3 x 30 mL). The
organic layer was evaporated and the crude was purified first by silica gel chromatography
(eluent DCM and then DCM/MeOH 97/3) and then via recycling size exclusion
chromatography (sec) to afford foldamer G as a yellow solid (86 mg, 85 %).

'H NMR (500 MHz, DMSO-ds) & 10.85 (s, 2H), 10.64 (s, 2H), 10.23 (s, 2H), 9.93 (t, J = 6.3 Hz, 2H),
8.47 (dd, J = 46.5, 7.6 Hz, 8H), 8.21 — 8.13 (m, 3H), 7.92 — 7.85 (m, 4H), 7.80 — 7.75 (m, 3H), 7.67 (t,
J=8.0 Hz, 3H), 7.64 (d, J = 2.5 Hz, 2H), 7.28 (d, J = 2.6 Hz, 2H), 7.06 (d, J = 2.5 Hz, 2H), 4.85 (qd, J
=9.7,5.7 Hz, 2H), 4.57 (d, J = 6.0 Hz, 4H), 4.35 (d, J = 6.0 Hz, 4H), 4.01 (dd, J = 25.6, 6.5 Hz, 12H),
2.17 (m, 4H), 2.13 — 2.03 (M, 4H), 1.84 (m, 4H), 1.11 (dd, J = 6.7, 3.8 Hz, 24H), 0.79 (t, J = 7.4 Hz,
12H).

13C NMR (125 MHz, DMSO-dg) & 167.3, 166.5, 162.3, 161.7, 160.9, 159.8, 150.3, 149.9, 149.7, 149.4,
149.2, 148.4, 148.2, 144.6, 130.4, 126.1, 125.9, 125.7, 123.6, 111.2, 110.4, 109.0, 108.5, 74.76, 74.51,
57.18, 46.87, 27.5, 24.3, 18.8, 11.1.

HRMS (MALDI-TOF) calcd for Cio7H106N25020, 2059.7979 [M]*; found, 2059.7973.

Foldamer H

. XY Qf 'l QI

Chemical Formula: C71Hg1N21012
Molecular Weight: 1419.6374

Foldamer B (60 mg, 48 umol, 1 eq.) and 1-azidopropane III-25 (58 mg, 240 umol, 5 eq.) were
dissolved in a mixture of DMSO and dry DCM (1/1, 4 mL) and the solution was purged with
argon for 10 minutes. Then, copper sulfate (0.77 mg, 4.8 umol, 0.1 eg.) and sodium ascorbate
(0.95 mg, 4.8 pmol, 0.1 eq.) were added. The mixture was stirred overnight at room
temperature. The solution was diluted with dichloromethane (20 mL) and washed with water
(3 x 30 mL). The organic layer was evaporated and the crude was purified first by silica gel
chromatography (eluent DCM and then DCM/MeOH 97/3) and then via recycling size
exclusion chromatography (sec) to afford foldamer H as a white solid (41 mg, 60 %).

IH NMR (500 MHz, DMSO-ds) 5 10.88 (s, 2H), 10.69 (s, 2H), 10.25 (s, 2H), 9.99 (t, J = 6.3 Hz, 2H),
8.27 - 8.19 (m, 3H), 7.88 (d, J = 8.1 Hz, 2H), 7.79 (dd, J = 10.7, 2.8 Hz, 6H), 7.71 — 7.63 (m, 4H), 7.32
(d, J = 2.6 Hz, 2H), 7.08 (d, J = 2.4 Hz, 2H), 4.15 (t, J = 6.9 Hz, 8H), 4.03 (dd, J = 14.3, 6.4 Hz, 8H),
2.21 - 2.15 (m, 4H), 1.69 (h, J = 7.3 Hz, 4H), 1.11 (t, J = 7.1 Hz, 24H), 0.71 (t, J = 7.4 Hz, 6H).

13C NMR (125 MHz, DMSO-ds) 5 167.3, 166.5, 162.3, 161.8, 160.9, 159.8, 150.3, 149.3, 149.80, 149.4,
149.3, 148.4, 148.2, 122.8, 110.4, 74.4, 50.6, 28.2, 23.0, 22.0, 18.8, 13.9, 10.71.

HRMS (MALDI-TOF) calcd for C71HgsiN21012, 1442.6282 [M + Na]*; found, 1442.6265.
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Compound III-26

Chemical Formula: C2sH31Ns505
Molecular Weight: 481.2325

The dry carboxylic acid 1I-8 (540 mg, 1 mmol, 1 eq.) was dissolved in 8 mL of dry
dichloromethane under argon atmosphere and 1-chloro—N,N,2—trimethyl-1-propenylamine
(Ghosez’s reagent, 1.3 mL, 10 mmol, 8 eq.) was added. The mixture was stirred overnight at
room temperature. The latter was evaporated under vacuum using a liquid nitrogen trap and the
solid was dried under vacuum for 3 hours. The latter was dissolved in 10 mL of anhydrous THF
and added dropwise to a mixture of but-3—-yne—1-amine (205 pL, 2.5 mmol, 2 eq.) and DIPEA
(806 pL, 6 mmol, 5 eq.) in 5 mL of dry THF. The mixture was stirred overnight at room
temperature. The solvent was then removed under reduced pressure and the crude was purified
by silica gel chromatography (eluent DCM/EtOAc 95/5) to afford compound III-26 as a
transparent oil (507 mg, 84 %).

'H NMR (300 MHz, CDCls) § 9.95 (s, 1H), 8.37 (t, J = 6.5 Hz, 1H), 8.03 (dd, J = 7.6, 1.3 Hz, 1H), 7.91
—7.83 (m, 2H), 7.78 — 7.66 (m, 2H), 7.15 (s, 1H), 3.91 (d, J = 6.5 Hz, 2H), 3.68 (q, J = 6.5 Hz, 2H),
2.58 (td, J = 6.7, 2.6 Hz, 2H), 2.24 (t, J = 2.6 Hz, 1H), 2.13 (m, 1H), 1.52 (s, 9H), 1.04 (d, J = 6.7 Hz,
6H).

13C NMR (75 MHz, CDCls) & 168.4, 163.5, 161.7, 152.1, 150.8, 150.5, 150.1, 149.1, 140.96 111.8,
108.5, 81.5, 75.4, 70.9, 38.0, 28.3, 28.1, 19.6, 19.1.

HRMS (MALDTI-TOF) calcd for C7sH73N17014, 504.2205 [M + Na]*; found, 504.2217.

Compound III-27

Chemical Formula: C20H23N503
Molecular Weight: 381.1801

Protected I11-26 (507 g, 1 mmol) was dissolved in 8 mL of dichloromethane and trifluoroacetic
acid (TFA, 3.7 mL, 40 eq.) was added. The mixture was stirred for 4 hours at room temperature.
The reaction mixture was washed with saturated NaHCO3 solution, extracted with chloroform
(100 mL) and washed with water (3 x 50 mL). The organic phases were combined, dried over
magnesium sulfate and concentrated under reduced pressure to afford compound III-27 as a
white solid (400 mg, quantitative).

IH NMR (500 MHz, CDCls) 3 9.96 (s, 1H), 8.49 (t, J = 6.6 Hz, 1H), 7.86 (dt, J = 15.4, 1.9 Hz, 2H), 7.72
(dd, J=7.9, 1.1 Hz, 1H), 7.51 (td, J = 7.9, 1.4 Hz, 1H), 6.31 (d, J = 8.0 Hz, 1H), 4.49 (s, 2H), 3.90 (dd,
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J=6.6, 1.3 Hz, 2H), 3.66 (qd, J = 6.6, 1.5 Hz, 2H), 2.56 (td, J = 6.7, 2.6 Hz, 2H), 2.35 (m, J = 2.7 Hz,
1H), 2.12 (m, 1H), 1.03 (d, J = 6.7 Hz, 6H).

13C NMR (125 MHz, CDCls) & 168.3, 163.5, 161.6, 157.3, 150.8, 150.3, 149.3, 140.4, 111.8, 104.9,
103.7,81.5, 75.3, 71.2, 37.9, 28.1, 19.5, 19.1.

HRMS (MALDI-TOF) calcd for C7sH73N17014, 404.1701 [M + Na]*; found, 404.1693.

Foldamer |

Chemical Formula: Cs7H71N15012
Molecular Weight: 1277.5407

Dry diacid III-2 (120 mg, 217 umol, 1 eq.) was dissolved in 6 mL of dry dichloromethane
under argon atmosphere and Ghosez’s reagent (0.25 mL, 1.8 mmol, 8 eq.) was added. The
mixture was stirred overnight at room temperature. The latter was evaporated under vacuum
using a liquid nitrogen trap and the solid is dried under vacuum for 3 hours. In another schlenk,
amine III-22 (250 mg, 652 umol, 3 eq.) was dissolved in 10 mL of dry THF and DIPEA (0.15
mL, 1 mmol, 5 eq.) was added. Then, this mixture was added dropwise to a solution of the
resulting acid chloride in 7 mL of dry THF. The mixture was stirred overnight at room
temperature. The solvent was removed under reduced pressure and the crude was purified by
silica gel chromatography (eluent DCM/MeOH 99/1) to afford foldamer I as a white solid (180
mg, 64 %).

IH NMR (500 MHz, DMSO-ds) & 10.79 (s, 2H), 10.57 (s, 2H), 10.22 (s, 2H), 9.55 (t, J = 6.0 Hz, 2H),
8.25 — 8.15 (m, 3H), 7.87 (d, J = 8.1 Hz, 2H), 7.80 — 7.75 (m, 4H), 7.69 — 7.63 (m, 4H), 7.30 (d, J = 2.6
Hz, 2H), 7.07 (d, J = 2.4 Hz, 2H), 4.03 (dd, J = 19.6, 6.6 Hz, 8H), 3.03 (d, J = 8.6 Hz, 4H), 2.75 (t, J =
2.6 Hz, 2H), 2.23 (td, J = 7.2, 2.5 Hz, 4H), 2.17 (dt, J = 13.1, 6.6 Hz, 4H), 1.11 (dd, J = 6.6, 3.1 Hz,
24H).

13C NMR (125 MHz, DMSO-dg) & 167.3, 166.5, 162.3, 161.7, 160.8, 159.7, 150.2, 149.9, 149.7, 149.3,

149.2, 148.3, 148.1, 142.6, 140.0, 111.1, 110.7, 110.4, 109.0, 108.5, 81.8, 74.8, 74.4,72.2, 27.5, 18.8,
18.3.

HRMS (MALDI-TOF) calcd for Ce7H71N15012, 1300.5274 [M + Na]*; found, 1300.5298.

Foldamer J
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Chemical Formula: C109H109N25020
Molecular Weight: 2087.8281
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Foldamer I (80 mg, 62 umol, 1 eq.) and azide I1I-19 (101 mg, 250 umol, 4 eq.) were dissolved
in a mixture of DMSO and dry DCM (1/1) and the solution was purged with argon for 10
minutes. Then, copper sulfate (1 mg, 6 umol, 0.1 eq.) and sodium ascorbate (1.2 mg, 6 pumol,
0.1 eq.) were added. The mixture was stirred overnight at room temperature. The solution was
diluted with dichloromethane (20 mL) and washed with water (3 x 30 mL). The organic layer
was evaporated and the crude was purified by silica gel chromatography (eluent DCM and then
DCM/MeOH 97/3) to afford foldamer J as a yellow solid (106 mg, 81 %).

IH NMR (500 MHz, CDCls) § 10.42 (s, 2H), 10.27 (s, 2H), 9.85 (s, 2H), 8.50 (t, J = 6.0 Hz, 2H), 8.36
(d, J = 7.5 Hz, 4H), 8.25 (d, J = 7.5 Hz, 4H), 8.09 (d, J = 8.1 Hz, 2H), 7.88 — 7.81 (m, 3H), 7.73 (d, J =
2.5 Hz, 2H), 7.66 (dd, J = 7.0, 1.7 Hz, 2H), 7.39 — 7.35 (m, 4H), 7.34 (d, J = 2.6 Hz, 2H), 7.31 (d, J =
2.5 Hz, 2H), 7.22 (s, 2H), 4.96 (tt, J = 9.2, 6.1 Hz, 2H), 4.26 (t, J = 5.7 Hz, 4H), 4.19 (d, J = 5.7 Hz,
4H), 4.00 (dd, J = 6.6, 4.1 Hz, 8H), 3.34 (m, 4H), 2.59 (q, J = 8.4, 6.2 Hz, 4H), 2.26 (m, 4H), 2.18 (m,
4H), 1.93 (m, 4H), 1.17 (dd, J = 6.8, 5.3 Hz, 24H), 0.90 (t, J = 7.4 Hz, 12H).

13C NMR (125 MHz, CDCls) & 168.1, 167.7, 162.6, 162.4, 161.5, 161.1, 160.5, 149.9, 149.8, 149.2,
149.0, 148.6, 148.4, 146.2, 140.6, 130.8, 126.5, 126.2, 125.2, 122.2, 112.7, 112.4, 111.2, 110.8, 109.8,
109.4, 75.6, 75.4, 58.3, 47.6, 40.0, 38.5, 29.8, 28.2, 25.1, 24.9, 19.2, 11.4.

HRMS (MALDI-TOF) calcd for CiosH109N25020, 2110.8236 [M + Na]*; found, 2110.8172.

Foldamer K

Chemical Formula: Ce3sHo7N21016
Molecular Weight: 1763.7422

Foldamer I (100 mg, 80 umol, 1 eq.) and azide 111-17 (101 mg, 313 pmol, 4 eq.) were dissolved
in a mixture of DMSO and dry DCM (1/1) and the solution was purged with argon for 10
minutes. Then, copper sulfate (1.2 mg, 8 umol, 0.1 eq.) and sodium ascorbate (1.5 mg, 8 umol,
0.1 eq.) were added. The mixture was stirred overnight at room temperature. The solution was
diluted with dichloromethane (20 mL) and washed with water (3 x 30 mL). The organic layer
was evaporated and the crude was purified by silica gel chromatography (eluent DCM and then
DCM/MeOH 96/4) to afford foldamer K as a white solid (106 mg, 81 %).

IH NMR (500 MHz, DMSO-ds) & 10.71 (s, 2H), 10.54 (s, 2H), 10.24 (s, 2H), 9.42 (t, J = 6.2 Hz, 2H),
7.97 (d, J = 7.9 Hz, 2H), 7.84 — 7.78 (m, 4H), 7.76 (d, J = 8.1 Hz, 2H), 7.71 (d, J = 2.6 Hz, 2H), 7.69 —
7.62 (m, 6H), 7.50 (d, J = 8.4 Hz, 2H), 7.31 (m, 3H), 7.27 (m, 4H), 7.11 (d, J = 2.4 Hz, 2H), 6.90 (dd, J
= 20.3, 7.8 Hz, 4H), 4.79 (t, J = 5.1 Hz, 4H), 4.42 (t, J = 5.1 Hz, 4H), 4.03 (t, 8H), 3.89 (s, 6H), 3.16
(4H), 2.66 (t, J = 8.1 Hz, 4H), 2.21 — 2.14 (m, 4H), 1.11 (d, J = 6.5 Hz, 24H).

13C NMR (125 MHz, DMSO-dg) § 167.3, 166.5, 162.3, 161.6, 160.8, 159.8, 154.5, 153.2, 150.1, 149.6,
149.4, 149.1, 148.2, 143.9, 143.0, 125.7, 125.5, 125.3, 122.7, 114.1, 113.4, 111.3, 110.5, 106.0, 104.9,
74.8, 74.4, 66.6, 55.5, 48.9, 27.6, 18.9.

HRMS (MALDFTOF) calcd for C93H97N21016, 1786.7325 [|V| + Na]+; fOUﬂd, 1786.7314.
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Compound I11-287

QQQ

Chemical Formula: C17H11N3
Molecular Weight: 257.0953

To a solution of 1-bromomethylpyrene (1.2 g, 4. mmol, 1 eq.) in 40 mL of DMF, sodium azide
(2.3 g, 20 mmol, 5 eq.) was added. The mixture was stirred overnight at room temperature.
DMF was partially evaporated. The crude was diluted in ethyl acetate (50 mL) and washed with
brine and then with water (3 x 50 mL). The organic phase was dried over magnesium sulfate
and the solvent was evaporated under reduced pressure. The desired product was isolated by
silica gel chromatography (eluent EtOAc/PE 90/10) to afford III-28 as a brown solid (997 mg,
95 %).

'H NMR (300 MHz, CDCls) & 7.98 — 8.25 (m, 9H), 5.04 (s, 2H).

Foldamer L

Chemical Formula: CggHggN21012
Molecular Weight: 1763.7000

Foldamer B (100 mg, 80 pumol, 1 eq.) and azide ITI-28 (82 mg, 320 pumol, 4 eq.) were dissolved
in a mixture of DMSO and dry DCM (1/1, 4 mL) and the solution was purged with argon for
10 minutes. Then, copper sulfate (1.3 mg, 8 umol, 0.1 eq.) and sodium ascorbate (1.6 mg, 8
pmol, 0.1 eq.) were added. The mixture was stirred overnight at 35°C. The solution was diluted
with dichloromethane (20 mL) and washed with water (3 x 30 mL). The organic layer was
evaporated and the crude was purified first by silica gel chromatography (eluent DCM and then
DCM/MeOH 97/3) and then via recycling size exclusion chromatography (sec) to afford
foldamer L as a yellow solid (124 mg, 88 %).

IH NMR (500 MHz, DMSO-ds) & 10.78 (s, 2H), 10.62 (s, 2H), 10.20 (s, 2H), 9.90 (t, J = 6.1 Hz, 2H),
8.42 (d, J = 9.3 Hz, 2H), 8.25 (t, J = 7.5 Hz, 4H), 8.19 (dd, J = 8.6, 6.3 Hz, 3H), 8.14 (d, J = 9.3 Hz,
4H), 8.08 (d, J = 8.9 Hz, 2H), 8.03 (t, J = 7.6 Hz, 3H), 7.93 — 7.87 (m, 4H), 7.81 (s, 2H), 7.77 — 7.70 (m,
4H), 7.67 — 7.59 (m, 4H), 7.25 (d, J = 2.5 Hz, 2H), 7.05 (d, J = 2.4 Hz, 2H), 6.21 (m, 4H), 4.11 — 4.07
(m, 4H), 3.98 (dd, J = 17.2, 6.5 Hz, 8H), 2.14 (m, 6.8 Hz, 4H), 1.08 (d, J = 6.7 Hz, 24H).

13C NMR (125 MHz, DMSO-d¢) & 167.8, 166.9, 162.8, 162.1, 161.3, 160.2, 150.7, 150.2, 149.8, 149.7,

148.8, 148.6, 145.4, 131.3, 131.1, 130.5, 129.5, 128.7, 128.6, 128.2, 128.0, 127.6, 126.9, 126.1, 125.9,
1254, 1243, 124.0, 123.6, 123.1, 111.9, 111.1, 109.2, 75.2, 74.9, 51.1, 28.0, 19.3.
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HRMS (MALDI-TOF) calcd for Co9HgoN21012, 1786.6876 [M + Na]*; found, 1786.6891.
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Appendix 1

Electrocrystallization technique

Electrocrystallization is a crystallization method that requires electroactive species, whose electro—oxidation (or
reduction) leads to a stable radical. If soluble, the generated radical species may diffuse into solution, but under
suitable conditions of concentration, solvent, temperature, current density, and supporting electrolyte, they will
precipitate (crystallize) on the electrode as radical cation salts.

An illustration of a standard electrocrystallization cell is given below.

® ©

Ancde (P1) ]

Cathod
Jcaeas

Radical eation — &
salt crystals

Electrocrystallization of foldamer A

Solvent Counter ions Current temperature Results
Cell 1 THF TBAPFg 0.4 pA 20°C Precipitate
(13 eq.)
Cell 2 CHCl3 TBAPFs 0.2 pA 20°C Precipitate
(10 eq.)
Cell 3 CHCIs/ACN TBAPFs 0.2 pA 20°C Precipitate
1.1 (10 eq)
Cell 4 DCM TBAPFs 0.2 pA 20°C Amorphous
(10 eq) Solid
Cell 5 DCM TBA>:M0s019 0.2 uA 20°C Precipitate
(10 eq.)
Cell 6 DCM TBACIO, 0.2 uA 20°C Precipitate
(10 eq)
Cell 7 DCM Fumarate org. 0.2 uA 20°C Precipitate
anion Then 0.5 pA
(10eq.)
Cell 8 DCM TBAI3 0.2 A 20°C Soluble
(10eq.) Then 1 pA Then 4°C no variations
Cell 9 DCM TEAFeCl, 0.2 pA 20°C Precipitate
(10eq.) Then 1 pA Then 4°C
Cell 10 DCM/ACN TBAPFs 0.5 pA 4°C Precipitate
1:1 (10eq.) Then 1 pA
Cell 11 DCM/MeOH TBAPFs 0.5 pA 4°C Precipitate
1:1 (10eq.) Then 1 pA
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Appendix 2

Cross-hybridization tests of foldamers E and F in different solvents and

corresponding observations.

Solvents Results
CHCIl3/DCM/TCE Pink suspension
THF Pink suspension
Toluene Pink suspension
DMSO Orange solution

THF / Heptane
THF + Toluene / Cyclohexane
THF / Et20
THF / MeOH
Toluene / MeOH
DMF / Acetone
CHsNO2
Benzene
Pyridine / Acetone
Pyridine / Acetonitrile
Pyridine + DCM
Nitrobenzene

DMF
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Pink precipitate
Pink precipitate
Pink suspension
Pink precipitate
Orange precipitate
Yellow solution
Brown precipitate
Pink solution
Pink suspension
Orange suspension
Pink precipitate
Pink solution

Pink solution
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Appendix 3
'H NMR 18tdispersion foldamers F and G (CDCls)

™ o AJWLA_AMM_/\J

T 1 A Y]
T Y Y Y
Sy T Py -
Y T W |

m NDI protons DAN protons

11.0 10.5 10.0 9.5 9.0 85 80 75 7.0 65 60 55 50 45 40 3.5 3.0 2.5 2.0 1.5 1.0 C
Chemical shift (ppm)

H NMR 2" dispersion foldamers F and G (CDCls)

T 11 I P L

MMM@M&
T W N Y
R
L ey Ty L
%MWWMUW LA

10.5 10.0 9.5 9.0 85 80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 2.0 15 1.0 0
Chemical shift (ppm)

221



'H NMR 18tdispersion foldamer F (CDCIs)
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'H NMR 2" dispersion foldamer F (CDCla)
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'H NMR 1stdispersion foldamer G (CDCls)
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'H NMR 2" dispersion foldamer G (CDCls)
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'H NMR 1%tdispersion foldamer B (CDCls)
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IH NMR 2" dispersion foldamer B (CDCls)
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'H NMR 18tdispersion foldamer H (CDClz)
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'H NMR 1stdispersion foldamer | (CDCls)
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'H NMR 1stdispersion foldamer J (CDClz)
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'H NMR 2" dispersion foldamer J (CDCls)
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'H NMR 2" dispersion foldamer K (CDCls)
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IH NMR 2 dispersion foldamer L (CDCIs)
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IH NMR 2 dispersion foldamers G and L (CDCla)
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Crystallographic data and structures

Appendix 5

Foldamer A (prepared by crystallization from DMF)

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 69.000
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F"2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

or

SA53DMF

C85 H103 N21 018 S8

C67 H59 N15 011 s8, 6(C3 H7 N O),

1963.36
150.0 (1) K
1.54184 A

Triclinic, P -1

a

b

C
4733.8 (3) A3

2, 1.377 Mg/m"3

2.390 mm~-1

2064

0.129 x 0.092 x 0.025 mm

2.440 to 72.201 deg.

—-16<=h<=16, -23<=k<=23, -25<=1<=24

41263 / 17977 [R(int) = 0.0467]

98.1 %

Semi-empirical from equivalents

1.00000 and 0.92259

Full-matrix least-squares on F"2
17977 / 4 / 1283

1.023

13.5568(5) A alpha = 75.382(3)
19.2138(8) A beta = 70.996(3)

20.3931(7) A gamma = 73.192(4)

H2

deg.
deg.

deg.

R1 = 0.0553, wR2 = 0.1324 [12888 Fo]

R1 = 0.0821, wR2 = 0.1501

1.283 and -0.487 e.A"-3
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Foldamer A (prepared by slow evaporation from THF)

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 69.000
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F"2

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

or

SAS53THF

C71 H71 N15 014 S8

C67 H59 N15 015 s8, C4 H8 O, 2
1614.90

200.0 (1) K

1.54184 A

Monoclinic, C c

a

b

C
7587.5 (4) A3

4, 1.414 Mg/m"3

2.796 mm~-1

3368

0.128 x 0.161 x 0.099 mm

3.403 to 76.220 deg.

(H2 0O)

14.6614(5) A alpha = 90 deg.
34.5009(10) A beta = 107.033(3) deg.

15.6881(5) A gamma = 90 deg.

—17<=h<=18, -41<=k<=43, -19<=1<=18

17167 / 10604 [R(int) = 0.0260]
98.0 %
Semi-empirical from equivalents

1.00000 and 0.92

Full-matrix least-squares on F"2

10604 / 46 / 1011

1.032

R1 = 0.0561, wR2 = 0.1527 [8115
R1 = 0.0742, wR2 = 0.1741

0.455 and -0.459 e.A"-3
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Foldamer A (prepared by slow evaporation from CHCIl3/MeOH mixture)

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 69.000
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness—of-fit on F"2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

or

SA53

C70 H68 C13 N15 013 s8

C67 H59 N15 011 s8, C H Cl13, 2 (C H4 0)
1690.22

150.0 (1) K

1.54184 A

Triclinic, P -1

a 14.6163(8) A alpha = 72.163(5) deg.

b = 15.2164(10) A beta = 75.972(5) deg.

c 19.6458(10) A gamma = 69.475(5) deg.
3850.4(4) A"3

2, 1.458 Mg/m"3

3.707 mm~-1

1752

0.300 x 0.131 x 0.027 mm -yellow plate
3.198 to 77.208 deg.

-14<=h<=17, -18<=k<=19, -24<=1<=24
33208 / 15285 [R(int) = 0.0751]

97.9 %

Gaussian

1.000 and 0.507

Full-matrix least-squares on F"2

15285 / 6 / 1012

1.030

R1 = 0.0787, wR2 = 0.2061 [9220 Fo]

R1 = 0.1249, wR2 = 0.2331

0.773 and -0.816 e.A"-3
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Compound II-18 (prepared by crystallization from DMSO)

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 69.000
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F"2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

or

SAT7

C26 H28 N4 06 S5

C24 H22 N4 05 s4, C2 H6 O S
652.82

150.0(1) K

1.54184 A

Triclinic, P -1

a

b

c 14.8296(8) A gamma = 74.927(7)
1496.30(19) A"3

2, 1.449 Mg/m"3

3.973 mm~-1

680

9.7580(7) A alpha = 78.781(6) deg.

10.9173(9) A beta = 87.277(5) deg.

deg.

0.107 x 0.074 x 0.028 mm - orange needle

3.038 to 76.185 deg.

-12<=h<=11, -13<=k<=13, -18<=1<=18
12240 / 5962 [R(int) = 0.0449]
98.1 %

Semi-empirical from equivalents
1.00000 and 0.91338

Full-matrix least-squares on F"2
5962 / 0 / 395

1.019

R1 = 0.0572, wR2 = 0.1405 [3875 Fo]
R1 = 0.0917, wR2 = 0.1588

0.745 and -0.424 e.A"-3
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Foldamer B (prepared by crystallization from DMF)
Identification code SA131DMF
Empirical formula C71 H83 N17 015

or C65 H67 N15 012, 2(C3 H7 N O), H2 O

Formula weight 1414.54

Temperature 220.0(1) K

Wavelength 1.54184 A

Crystal system, space group Triclinic, P -1

Unit cell dimensions a = 11.1275(3) A alpha = 92.251(2) deg.
b = 16.6438(5) A beta = 102.283(2) deg.
c = 20.2552(6) A gamma = 102.087(2) deg.

Volume 3570.39(18) A"3

Z, Calculated density 2, 1.316 Mg/m"3

Absorption coefficient 0.781 mm"~-1

F(000) 1496

Crystal size 0.371 x 0.310 x 0.073 mm

Theta range for data collection 2.726 to 75.305 deg.

Limiting indices -12<=h<=13, -20<=k<=20, -25<=1<=25

Reflections collected / unique 30444 / 14133 [R(int) = 0.0365]

Completeness to theta = 69.000 98.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.00000 and 0.48250

Refinement method Full-matrix least-squares on F"2

Data / restraints / parameters 14133 / 25 / 958

Goodness-of-fit on F"2 1.013

Final R indices [I>2sigma(I)] R1 = 0.0652, wR2 = 0.1846 [10855 Fo]

R indices (all data) Rl = 0.0814, wR2 = 0.2036

Largest diff. peak and hole 0.538 and -0.295 e.A"-3
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Foldamer E (prepared by slow evaporation from DMF)

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 69.000
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F"2

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

<

or

SA107DMF-200K

C115 H130.50 N29 026.75

C103 H97 N25 020, 4(C3 H7 N O),
2346.98

200.0(1) K

1.54184 A

Triclinic, P -1

a

b

c
5822.4(3) A"3

2, 1.339 Mg/m"3

0.810 mm~-1

2475

0.226 x 0.196 x 0.046 mm

2.484 to 76.408 deg.

—20<=h<=20, -23<=k<=24, -20<=1<=

65005 / 23396 [R(int) = 0.0351]
98.5 %
Semi-empirical from equivalents

1.00000 and 0.65717

Full-matrix least-squares on F"2

23396 / 1 / 1581

1.081

2.75(H20)

16.3782(4) A alpha = 96.308(2) deg.
19.1983(7) A beta = 93.107(2) deg.

20.0125(5) A gamma = 110.673(3) deg.

25

R1 = 0.1170, wR2 = 0.3394 [19475 Fo]

R1 = 0.1277, wR2 0.3480

00.770 and -0.532 e.A"-3
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Foldamer F (prepared by slow evaporation from DMSO)
Identification code SA169
Empirical formula C101 H125 N21 022 S5

or (C91 H93 N21 016), 5(C2 H6 O S), H2 O

Formula weight 2145.51
Temperature 200.0(1) K
Wavelength 1.54184 A
Crystal system, space group Monoclinic, P 21/c
Unit cell dimensions a = 16.9946(11) A alpha = 90 deg.

b = 39.559(3) A beta = 96.821(6) deg.

c = 16.4159(12) A gamma = 90 deg.
Volume 10958.3(13) A"3
7, Calculated density 4, 1.300 Mg/m"3
Absorption coefficient 1.618 mm"-1
F(000) 4536
Crystal size 0.394 x 0.192 x 0.038 mm-colorless plate
Theta range for data collection 2.619 to 72.376 deg.
Limiting indices -20<=h<=20, -41<=k<=48, -19<=1<=15
Reflections collected / unique 53480 / 20811 [R(int) = 0.0942]
Completeness to theta = 69.000 98.0 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 1.00000 and 0.49596
Refinement method Full-matrix least-squares on F"2
Data / restraints / parameters 20811 / 95 / 1381
Goodness-of-fit on F"2 1.014
Final R indices [I>2sigma(I)] R1 = 0.1191, wR2 = 0.3084 [8378 Fo]
R indices (all data) Rl = 0.1997, wR2 = 0.3766
Largest diff. peak and hole 0.627 and -0.566 e.A"-3
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Foldamer H (prepared by slow evaporation from DMSO)

Identification code
Empirical formula

or
Formula weight
Temperature
Wavelength
Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique

Completeness to theta = 69.000
Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F"2

Final R indices [I>2sigma(I)]
R indices

(all data)

Largest diff. peak and hole

SA0176

C77 H99 N21 015 S3

C71 H81 N21 012, 3(C2 H6 O S)

1654.95

230.0(1) K

1.54184 A

Triclinic, P -1

a = 13.0219(3) A alpha = 83.211(2) deg.
b = 16.0741(5) A beta = 82.576(2) deg.
c = 22.4832(6) A gamma = 69.386(2) deg.
4354.4(2) A"3

2, 1.262 Mg/m"3

1.382 mm"-1

1752

0.306 x 0.113 x 0.028 mm - colorless needle
2.946 to 74.096 deg.

-25<=1<=28

~15<=h<=16, -18<=k<=20,

40249 / 16947 [R(int) = 0.0372]
98.1 %

Semi-empirical from equivalents
1.00000 and 0.57374

Full-matrix least-squares on F"2

16947 / 27 / 1074

1.025
Rl = 0.0677, wR2 = 0.1895 [13028 Fo]
R1 = 0.0836, wR2 = 0.2093

0.659 and -0.542 e.A"-3
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Compound III-21 (prepared by crystallization from DMSO)
Identification code SAQ79
Empirical formula C47 H50 Cl14 N10 09

or C45 H48 N10 09, C2 H2 Cl4

Formula weight 1040.77

Temperature 200.0(1) K

Wavelength 1.54184 A

Crystal system, space group Triclinic, P -1

Unit cell dimensions a = 6.9216(4) A alpha = 90.087(5) deg.
b = 16.8646(13) A beta = 93.789(4) deg.
c = 21.1261(11) A gamma = 95.043(5) deg.

Volume 2451.1(3) A"3

Z, Calculated density 2, 1.410 Mg/m"3

Absorption coefficient 2.749 mm~-1

F(000) 1084

Crystal size 0.421 x 0.078 x 0.023 mm - yellow needle

Theta range for data collection 3.376 to 72.483 deg.

Limiting indices -8<=h<=7, -20<=k<=20, -25<=1<=25

Reflections collected / unique 13892 / 13892 [R(int) = ?]

Completeness to theta = 69.000 98.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 1.00000 and 0.72249

Refinement method Full-matrix least-squares on F"2

Data / restraints / parameters 13892 / 0 / 639

Goodness-of-fit on F"2 1.049

Final R indices [I>2sigma(I)] R1 = 0.0823, wR2 = 0.2560 [7782 Fo]

R indices (all data) Rl = 0.1252, wR2 = 0.2737

Largest diff. peak and hole 0.457 and -0.463 e.A"-3
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Hybridation controlée de foldaméres hélicoidaux électroactifs pour la conception d’homo - et
d’hétéroduplexes

Mots clés : Foldameres, Structures hélicoidales, Electroactivité, m —Dimérisation, Interactions aromatiques,
Homoduplexes, Hétéroduplexes, Polymére supramoléculaire, Systémes hors —équilibre

Résumé : Les foldaméres de type oligoarylamide
constituent une famille d’oligoméres capables de se
replier en structures hélicoidales et de s’hybrider pour
former des hélices doubles. L'objectif central de ce
travail de thése a consisté a pourvoir de telles
espéces d’unités redox, afin de contrbler leur
hybridation en homo — et en hétéroduplexes de
maniére sélective. Dans une premiére partie, un
oligoarylamide fonctionnalisé par deux unités
tétrathiafulvaléne (TTF) via un espaceur amide rigide
et court a été synthétisé. Cing structures
cristallographiques différentes de ce foldamére sous
saforme ‘hélice simple’ ont été obtenues. L'apparente
stabilité de cet arrangement a I'état neutre a pu étre
confirmée par diverses études spectroscopiques en
solution. De maniére originale, il a été montré que
I'oxydation des unités TTF déclenche I'hybridation de
ce foldamere, i.e. la formation d’hélices doubles, via
la formation de diméres de radicaux —cations. Dans

une seconde partie, une série de foldameres dotés de
groupements donneurs ou accepteurs de densité
électronique a été synthétisée. Ces oligomeéres se
sont avérés piégés cinétiquement dans leur forme
‘hélice simple’ du fait d’interactions intramoléculaires.
Ainsi, la présence du connecteur triazole explique, au
moins en partie, l'obtention d'un systéme hors
équilibre, bien que la contribution d’interactions
aromatiques intramoléculaires ne puisse étre exclue.
Ainsi, les foldameres de cette famille tendent a former
des polyméres supramoléculaires lors de leur
premiére dispersion. A travers une étude relativement
détaillée, il a été montré que le systeme était piégé
cinétiqguement a température ambiante et que la
composition du milieu n’évoluait pas avec le temps.
En revanche, un simple chauffage a 45°C (dans le
chloroforme) permet [l'obtention d'un systéme
métastable, qui permet progressivement le
déplacement de I'équilibre vers la forme hybridée.

Controlled hybridization of helical electroactive foldamers for the design of homo — and

heteroduplexes

Keywords : Oligoarylamide foldamers, Helical structures, Electroactive units, m —dimerization, Charge —
transfer complexes, Homoduplexes, Heteroduplexes, Supramolecular polymer, Out —of —equilibrium

Abstract: Oligoarylamide foldamers represent a
family of oligomers that are capable of folding into
helical structures and hybridizing to form double
helices through non -covalent interactions. The
central objective of this thesis work consisted in
designing electroactive helical foldamers to control
their hybridization into homo — or heteroduplexes in a
selective manner. In this context, a strand
functionalized with two tetrathiafulvalene (TTF) units
via a rigid and short amide spacer was synthesized.
Five different crystallographic structures of this
foldamer in its 'single helix' form were obtained. The
apparent stability of this arrangement in the neutral
state was confirmed through various spectroscopic
studies in solution. Interestingly, the oxidation of the
TTF units triggered the hybridization of this foldamer,

through the formation of radical cation dimers. In a
second part, foldamers endowed with electron —
donating groups or electron —withdrawing acceptors
was synthesized. These oligomers were found to be
kinetically trapped in their 'single helix' form due to
intramolecular interactions. Thus, the presence of the
triazole motif explains, at least in part, why an out —of
—equilibrium system is obtained. As a result, these
foldamers tend to form supramolecular polymers
along their initial dispersion. Through a relatively
detailed study, it was shown that at room temperature,
the system was Kkinetically trapped, and the

composition of the medium did not evolve over time.
However, a simple heating to 45°C (in chloroform)
allowed for reaching a metastable system, which




