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Résumé en francais

La reconnaissance de biomolécules dans des milieux biologiques complexes est un réel défi pour les
chimistes et les biologistes, associé a des enjeux médicaux majeurs. Face a cette problématique, le
chimiste peut choisir d’utiliser des molécules désignées par ses soins, ou encore de sélectionner et
d’utiliser directement des structures commerciales ou naturelles.

Suivant cette derniere approche, les dendrigrafts de lysines (DGLs) ont montré une neutralisation des
héparines de différentes tailles (UFH, enoxaparin et Fondaparinux) supérieures a I'action de la
protamine dans le sang, le seul médicament autorisé en cas de surdosage de I'anticoagulant et ayant
de nombreux effets secondaires.

Une étude par dynamique moléculaire a permis de mettre en avant le mécanisme d’interaction entre
les héparines d’une part, et les DGLs et la protamine d’autre part (Figure 1). Il a notamment été montré
que la flexibilité du dendrimeére lui permets d’optimiser ses charges et les interactions électrostatiques
qu’il développe avec les héparines. Par ailleurs, la plus grande affinité des héparines de longue taille
avec la protamine est notamment due a des interactions électrostatiques supplémentaires de
moyenne distance. Avant une potentielle commercialisation pour cette application, le dendrimere doit
encore étre testé sur des modéles animaux et son éventuelle toxicité évaluée. Par ailleurs, les DGLs
ont été utilisé en combinaison avec des homopolymeéres d’acide aspartique et de carboxylfluorescéine.
Leur complexation avec le DGL inhibe leur fluorescence par agrégation. Lorsqu’un objet dissocie le
complexe entre le DGL et cette sonde, la fluorescence est rétablie. Ce systeme de détection a été testé
sur des objets d’intéréts biomédicaux, telle que la spermine, des bactéries Gram négative et des
protéines thérapeutiques avec des limites de détection intéressantes mais trop haute pour envisager
des applications, nécessitant des améliorations telle que la combinaison avec des nanoparticules.
Enfin, un DGL a montré d’intéressante propriétés de mime d’enzyme de type estérase.

Figure 1 : Complexation entre des héparines de diverses tailles et ses inhibiteurs. Capture de simulations en
dynamique moléculaire. Ball : heparines, stick : inhibiteurs. A) Fondaparinux et Gz (DGL de génération 2), B)
Héparine de taille médiane et Gz, C) Héparine longue et G2, D) Fondaparinux et protamine, E) Héparine de taille
médiane et protamine, F) Héparine longue et protamine.

10



Suivant la premiére approche évoquée de design et synthése, nous avons utilisé la chimie combinatoire
dynamique (CCD) pour obtenir des nouveaux récepteurs synthétiques a partir de brique moléculaires
diverses de type 1,4-dithiphénols. Des études a la fois théorique, en DFT et dynamique moléculaire, et
expérimentale, ont été menés pour comprendre les phénomeénes régissant I'auto-assemblage de ces
briques et la complexation des cavitands résultants correspondants avec des biomolécules d’intérét.

L'acide 2,5-dimercaptoterephthalique I-1 s’auto-assemble en solution aqueuse en un unique
diastéréoisomere homochirale I-14 par effet template de la spermine. La sélectivité de ce récepteur
pour des a,w-alkyldiammoniums est en partie régie par des effets de solvant, en I'occurrence une
stabilisation enthalpique de solvatation des complexes. Le récepteur a montré des constantes
d’association exceptionnelles de I'ordre de 10 M™ avec la spermine et la spermidine (Scheme 1). La
sélectivité observée pour la spermidine est en partie due a des effets de solvants, et a une plus forte
mobilité translationnelle et rotationelle de la spermidine dans son complexe d’inclusion.

A) B)
SH 0.25 i SH ts
.25 spermine ’ COH HO,C, /k COH it G HO,C L COH
Hose. A 4mM, O; s A \ @ ,0; ,/ﬂ,\ -
—
\ﬂ- /]\ W l\/j\ ¥ HO,C Y Co,H  Ammonium acetate 50 mhi HO,C N ‘cOH
T coH [t 48 h. 80 % rsh L SH £ pH without adjustment sy

SH
-1

48h.,rt, 71 %

@
1-105,

t [J
9]
COsH COH
Hs“\ﬂ*\ b , fs*f\l > {
T/ ~-SH DCM/MeOH, 5 mn, r.t. 61 % \r/ \_/3;; A\ j ; /
CozH COzH
115 1-15, Do

Scheme 1 : Auto-assemblage de briques dithiols A) de la brique I-1 en tétramére cyclique I-14. La sélectivité de ce
récepteur pour des polyamines est partiellement régie par des effets de solvatation.B) de la brique 1-105 en
tétramére cyclique I-1054, influencé par les effets stériques. C) de la brique I-15 par le diiode en milieu organique
en un dimére cyclique fortement tendu au niveau des ponts disulfures.

L'auto assemblage en solution aqueuse de l'acide 2,5-bis(mercaptomethyl)terephthalique 1-15 a
conduit a la formation d’une série d’oligomeres cycliques de taille variée (incorporant de 2 a 10 unités),
dont la proportion durant les chimiothéques varient par effet template (Scheme 1). L’utilisation de
diiode en tant qu’oxydant a permis d’isoler un dimére cyclique 1-15, pour lequel la structure
crystallographie a révelé une forte contrainte sur les ponts disulfures. Cet objet a pu servir de modele
de post-fonctionalisation par liaison amide.

Une brique 1,4-dithiophénol encombré I-105 a montré un phénomeéne spectaculaire de sélection par
auto-assemblage en solution aqueuse lors d’une chimiotheque combinatoire dynamique (Scheme 1)..
La brique s’auto-assemble en un unique diastéréoisomeére (sur 24 possibilités) d’un tétramere cyclique
1-1054. Une série de modélisation en DFT et une étude RMN a pu montré que la configuration des ponts

11



disulfures est alternativement MPMP, et que les faces encombrés sont orientés a I'extérieur de la
cavité du macrocycle. Lors de la cristalisation de cet objet, une métathése de pont disulfure a conduit
a une dimérisation en octameére avec inversion de la gé¢ométrie des ponts disulfures concernés, ce qui
n’a encore jamais été décrit. L'auto-assemblage de I-105 est régi par des effets de répulsions stériques.
Il a été dans un premier temps postulé une sélection par les forces attractives de London, ce qui a été
invalidé par la DFT.

Enfin, une voie de synthése a été élaboré et a conduit a la synthése d’une famille de 1,4-dithiphénols
fonctionalisés en position 2,5 par des liaisons amide avec des groupements chimiques variés (amines,
acide aminés, azoture, alcools), permettant I'élaboration de brique sur mesures pour la reconnaissance
de protéines thérapeutiques affectées par des modifications post-translationnelles. Toutefois, I'auto-
assemblage de ses briques moléculaires en solutions a donné lieu un phénoméne inattendu
d’oxydation des thiols en amides sulfényle cycliques, contrecarrant notre stratégie de synthéese de
cavitants. Des solutions partielles ont pu étre proposés pour faciliter la formation souhaitée de pont
disulfures a partir des thiols, ce qui a conduit a I'observation en chimiotheque combinatoire dynamique
d’hétéro et homocyclooligomers issues de ces nouvelles briques. Leur application n’est toutefois pas
encore possible et nécessite de nombreuses optimisations et une revisite de leur design pour éviter ce
couplage parasite.

O SH O SH
HO N
H
OH H N

SH O SH O
11-1

Scheme 2: Obtention de brique 1,4-dithiphénols fonctionalisés en position 2,5 par liaison amide sur 11
exemples en 3 ou 4 étapes (R: alkyls varies, comportant des amines, alcools, azoture acide amines) par 1)
protection des thiols avec les groupements trityls ou cyanopropyls, 2) couplage peptidique sur les positions 2,5;
3) déprotection des thiols en une ou deux étapes. L’auto-assemblage de ces briques souffrent principalement
d’oxidation des thiols en amide sulfényle au lieu de ponts disulfures.

Ce efforts s’inscrivent dans une volonté de développer des récepteurs pour la reconnaissance de
protéines thérapeutiques affectées par des modifications post-translationnelles. Dans ce but, une
brique 2,5-dimercaptoterephthalaldehyde 11-138 n’a pas pu étre mise a profit en chimiothéque
combinatoire dynamique basée sur des échanges simultanées thiolate/disulfides et
hydrazines/acylhydrazones. De méme, la famille des corona[n]arénes a été exploré mais des difficultés
synthétiques ont été rencontrés pour 'obtention des groupements fonctionnels désirés sur ses
cavitants pour la reconnaissance souhaitée.

Mots-clés: Chimie combinatoire dynamique, briques 1,4-dithiphénol-2,5-fonctionallisées,
modifications post-translationnelles, reconnaissance moléculaire, neutralisation des heparines,
dendrigrafte de lysine, dynamique moléculaire, DFT
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Nomenclature and abbreviations

Abbreviations Meaning Ar Aryl
a Dipole polarisability atm Atmosphere (pression unit)
6 Chemical shift Becke, 3-parameter, Lee—
B3LYP
U Wavelength Yang—Parr
A Molar extinction coefficient BINOL 1,1’-bi-2-naphtol
Y Collision frequency Boc tert-butoxycarbonyl
p Electronic density e Dispersion coefficient at order
n viscosity n for A-B
At Difference of time CBX7 Chromobox protein homolog 7
AG/AG Standard fretf_‘ energy of ccD Cambridge Crystallographic
reaction Database
AAG? Relative standard free energy CETA Cetyltrimethyl.ammonium
of reaction bromide
AH°/AH Standard enthalpy of reaction CF 5(6)-carboxyfluorescein
AMH? Relative standar‘d enthalpy of cIp Centre d’ingénierie des
reaction proteins
AS°/AS Standard entropy of reaction CID Collision-induced dissociation
AAS? Relative standard entropy of COSY Correlation spectroscopy
reaction CPB Cardiopulmonary bypass study
°C Celsius degree CsAp Applied supramolecular
AK GFP mutant/error on Gibbs chemistry
free energy csb Cambridge Structural
Entropy Database
Aex Excitation wavelength CUAAC Copper-Catalyzed Azide-
Aem Emission wavelength Alkyne Cycloaddition
LFFE Micro free flow d Day
electrophoresis D Diffusion coefficient
2D 2 dimensions 4G Local contribution to Gibbs
A Angstrom free energy of solvation
A Absorbance dH Local contribution to enthalpy
Ac Acetyl of solvation
Ad Adamantyl ds Local contribution to entropy
AIBN Azobisisobutyronitrile of solvation
Austin-Frisch- Da Dalton
APFD . -
Petersson functional DA Diels-Alder
APT Attached Proton Test DABCO 1,4-diazabicyclo[2.2.2]octane
APTMAC N-facrylamidopropryI-N,N,N,- DCL Dynamic cc.)mbinat'orial Iibrary
trimethylamonium chloride bec Dynamic combinatorial
APTT Activated partial chemistry
thromboplastin time DCM Dichloromethane
AT Anti-thrombin Dea Deamidation
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DED Dispersion energy donor G Gibbs free energy
DETA Diethylenetriamine G Size n of dendrigrafts of poly-
DEPT Distortionless enhancement " L-lysine
by polarization transfer GABA y-aminobutyric acid
Dex Dextran GAG Glycosaminoglycan
DLS Diffraction light scattering GB Generalised Born
DFT Density functional theory GCD y-cyclodextrin
DGL Dendrigraft of poly-Lysine GGA Approximation of semi local
DHDE Double hybrid density generalised gradient
functionals GIST Grid inhomogeneous solvation
DLS Dynamic light scattering theory
Dimethyl GFP Green fluorescent protein
DMAD , B
acetylenedicarboxylate Glu Glutamic acid
4-(4,6-dimethoxy-1,3,5-triazin- GPU Graphics Processing Unit
DMTMM 2-yl)-4-methylmorpholinium Glycidyltrimethyl-ammonium
chloride GTMAC chloride
Dn DFT-D dispersion, version n h Hour
DNA Deoxyribonucleic acid H Hamiltonian
D.CF Size n of polymers of aspartic HBG Heparin binding group
acid with carboxyfluorescein HCT High Capacity lon Trap
DIBAL-H Diisobutylaluminium hydride O-(1H-6-Chlorobenzotriazole-
DIPEA Diisopropylethylamine HCTU 1-yl)-1,1,3,3-
DMA Dimethylacetamide tetramethyluronium
DMF Dimethylformamide hexafluorophosphate
DMSO Dimethylsulfoxyde HEPES 4-(2-hydroxyethyl)-1-
DTT DL-dithiotreitol piperazineethanesulfonic acid
E energy HMPT Hexamethylphosphoramide
Exc Exchange correlation energy HOBt Benzohydroxytriazole
Ec Exchange energy HPLC High performance liquid
Ex Correlation energy chromatography
1-ethyl-3-(3- HRMS High resolution mass
EDC/EDCI dimethylaminopropyl)carbodii spectrometry
mide HMBC Heteronucllear multiple-bond
ENS Ecole normale supérieure correlation spectroscopy
eq Equivalent / équation HPG Hyperbranched polyglycerol
ESI Electrospray ionisation HSQC Heteronuclear single-quantum
Et Ethyl correlation spectroscopy
ETD Electron-transfer dissociation Hz Hertz
F Spatial direction/Functional IMAC Immobilised metal ion affinity
FDA Food drug administration chromatography
‘ Becke-Johnson damping | Intensity / First ionization
demP function potential
Fmoc Fluorenylmethyloxycarbonyl IBCP Institut de biochimie et chimie
g Gram des protéines
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Half maximal inhibitory

Moller Plesset perturbation at

ICso . MP2
concentration order 2
Institut de chimie et biochimie mn / min Minute
ICBMS moléculaires et MS Mass spectrometry
supramoléculaires MW Molecular weight
\EDDA Inverse electronic demand N Binding number/stoichiometry
Diels-Alder NBS N-bromosuccinimide
Institut des sciences o-aminoacid N-
ISA . NCA .
analytiques carboxyanhydride
. Isothermal calorimetric NCI Non-covalent interactions
titration NHC N-heterocyclic carbene
J Joule Newman-Kwart
- NKR
K/ K Thermodynamic constant of rearrangement
’ association N-methylpyrrolidine / N-
NMP .
ks Boltzmann constant methyl morpholine
¢ Thermodynamic constant of NMR Nuclear magnetic resonance
d . ..
dissociation Nuclear Overhauser
- - NOESY
Kmen n methylation state of lysine SpectroscopY
KISS Keep it simple stupid PAH Poly(allylamine hydrochloride)
L Litre PAMAM Poly(amidoamine) dendrimers
LIE Linear interaction energy bR Phosphate buffer / Poisson
LMWH Low molecular weigh heparin Boltzmann
LOD Limit of detection PBS Phosphate-buffered saline
m mass PCM Polarisable continuum model
M mol/L Poly(2-(dimethylamino)ethyl
- PDMAEMA Vi Y Jethy
Meta-chloroperoxybenzoic methacrylate
m-CPBA .
acid PEG Polyethylene glycol
m Meter pH Hydrogen potential
MAA GFP mutant < Acid base dissociation
Matrix Assisted Laser Pha constant
MALDI . L - :
Desorption lonisation pl lonisation potential
MalB Mallard Blue Poly(3-
MB Methylene Blue PMAPTAC methacraloylamino)propyl
MD Molecular dynamic trimethylammonium chloride
Me Methyl ppm Partie per million
MetOx Methionine oxidation PPV Polyphenylenevinylene
MKQ GFP mutant PSMIN Péle scientifique de modelling
Molecular mechanics energies numeérique
MM combined with the Poisson- PTM Post translational modification
Boltzmann or generalized Pul Pullulan
PBSA/GBSA
Born and surface area Benzotriazole-1-yl-
continuum solvation PyBOP oxytripyrrolidinophosphonium
mol Mole hexafluorophosphate
mp Melting point
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PyBrOP Bromotripyrrolidinophosphoni TOF Time of flight
um hexafluorophosphate TFA Trifluoroacetic acid
QTOF Quadripolar time of flight Ttus Fusion point
r Intermolecular distance TIPS Triisopropylsilane
r.t. Room temperature TLC Thin layer chromatography
Ru Hydrodynamic radiius TMEDA N,N,N’,N’-tetramethylethane-
AT Recombinant-inactivated 1,2-diamine
antithrombin TMS Trimethylsilane
Rmen n methylation state of arginine TMSP Trimethylsilylpropanoic acid
RMSD Root mean square deviation t Retention time
RNA Ribonucleic acid tr Tour
ROM Ring opening metathesis Tr Trityl
Solvent accessible surface . Tris(hydroxymethyl)aminomet
SASA Tris
area hane
SAMu Self—assemb'led multivalent TS Transition State
micelles u Tension
Sn global scale factor UA Arbitrary unit
Sodium dodecyl sulfate— UCBL Université Claude Bernard de
SDS-PAGE polyacrylamide gel Lyon
electrophoresis UFH Unfractionated heparin
SP Single point UHRA Universal heparin reversal
SPAM Maps in reverse agent
T Temperature/Kinetic energy UPLC Ultra-performance liquid
operator chromatography
tBu tert-butyl uv Ultraviolet
TCCA Trichloroisocyanuric acid \Y Potential energy operator
TD-DET Time dependant density Vdw Van der Waals
functional theory VLP Virus-like particle
Teb Boiling point z charge
TNB 2-nitro-5-thiobenzoate
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General introduction

Natural molecules, such as enzymes and proteins, perform highly specific molecular recognition in
water, for instance in the formation of peptides from simple nucleotides during the translation of
DNA!. Molecular recognition refers to specific interactions between several molecules through
noncovalent bonds. Nature inspires chemists in their design of multimolecular supramolecular
architectures of similar complexity and functionality that are destined to recognise biomolecules in a
complex biological media. The obtention of such efficient receptors is conditioned by their selectivity
towards a target and their specificity in a competitive media such as a water.

The chemists can address this issue following two approaches: either they design and synthesise
molecules or they select commercially available or natural molecules. In both cases, the
comprehension of the fundamental intermolecular forces are essential to correctly understand 1) how
the natural molecules work, 2) how the chemist’s molecule will interact with the target. In this context,
we are interested in two classes of synthetic receptors that are adapted to study fundamental
interactions in water. These receptors have two different topologies and cavities, ramified and
cylindric, allowing various mechanisms of interaction with guests. The cylindric receptors which are
investigated in this thesis are linked to the family of cyclophanes. These molecules were widely
employed to study fundamental principles such as the m-cation interactions? or the hydrophobic
effects®. The ramified molecules are commercially available dendrigrafts of lysine (DGL). These
dendrigrafts have various applications in water thanks to their high cationic charge density and
particular shape®.

In the first part, the cylindric receptors will be synthesised by self-assembly of polythiols into disulfide
cyclic oligomers through dynamic covalent chemistry (DCC). These polythiols and macrocycles will be
used in water to explore the driving forces of complexation with various biogenic polyamines, as well
as the influence of steric effects in self-assembling. The second part will be dedicated to the recognition
of modified therapeutic proteins that are affected by post-translational modifications. The same family
of disulfide bridge cyclophanes will be used, following a molecular design that is inspired by the analysis
of natural systems. This part is linked to an industrial partnership with UCB pharma. Then, the
dendrigrafts will be benchmarked for a variety of applications in water, focussing on detection of
bio(macro)molecules and the neutralisation of heparin in replacement of protamine, the only FDA-
approved drug in case of heparin overdosage. The mechanism of association between, on the one
hand, protamine or DGL, and, on the other hand, heparin of various sizes will be particularly studied.

Our strategy relies on a combination of experimental and computational studies that aim to get a
better understanding of the fundamental forces which drive the non-covalent molecular associations
in water.
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Preliminary remarks

Following the idea of Dr. Laurent Vial and the suggestion of Wolle and Muller®, an examination of 3D
structures is proposed in this thesis in order to enable the reader to validate or invalidate conclusions
that are drawn. The reader is invited to download on their smartphones/tablets the free « augment »
app and to scan the QR codes that are displayed in the text with the app. A 3D model in augmented
reality will be proposed. The option « 3D view » gives a better experience. Following the smartphone
or the tablet, the colours might be missing.

This thesis explores host guest chemistry in agueous solutions. The protonation state of the molecules
that are involved in aqueous solutions are most of the time neutral for clarity. For instance, the
following molecules should be a tetraanion in physiological conditions but is always represented

neutral.
SH s
HO,C pH 7.4 "0,C
S .
CO,H co,
SH s
1-1 -1

Scheme 3 : Dissolution of I-1 in an aqueous buffer gives a tetraanion in solution
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Chapter 1: Polycarboxylates disulfide bridge cyclophanes for
fundamental study and biomolecular recognition



Abstract

Cyclophanes are a venerable class of compounds, containing aromatic rings bridged by aliphatic chains
in two non-adjacent positions®. These molecules were widely employed to study fundamental
principles such as the m-cation interactions? or the hydrophobic effects®. Recently, cucurbiturils
revealed the complexity of the water network and the solvation effects inside a cavitand’. Cyclophanes
are a sub-category of the family of cavitand, which are molecules containing enforced cavities large
enough to complex and even surround organic guest compounds®. Cyclophanes also have the features
allowing many applications, from biomolecular recognition® to material science!®. Particularly,
disulfide-bridged polycarboxylate cyclophanes obtained by dynamic combinatorial chemistry presents
well-defined apolar cavity with carboxylate groups dedicated to solubility and electrostatic
interactions. Nevertheless, they have never been used to study fundamental concepts such as the
influence of solvatation effects in supramolecular chemistry and steric effects in self-assembly. The
1,4-bisthiolphenol I-1 forms a homocyclo-oligomers I-14 by template effect with spermine through
dynamic covalent chemistry (DCC). This polyanionic macrocycle showed high affinity for polyamines in
aqueous solution. By a combination of experimental and computational studies, it was shown that
solvation effects governed the selectivity of the associations. In fact, the enthalpy of complex solvation
and of guest desolvation were determinant regarding a series of diamines with increasing chain
lengths. Regarding spermine and spermidine, the solvation also ruled the selectivity, but the exact
scenario is not fully elucidated yet. Several modifications such as adding one carbon between thiols
and the aromatic core were obtained on I-1 and the corresponding homo/heterocyclo-oligomers were
assembled and characterised. The use of iodine as oxidant of the thiols into disulfide bonds highlighted
the difference between thermodynamic and kinetic DCLs thanks to a methodology without additives
as reported and allowed an expansion of the diameter of the cavity. Nevertheless, in order to get more
rigid macrocycles, a further modification turning disulfide bonds into thioether was attempted.
Another modification consisted in the increase of the height of the cavity. That resulted in a spectacular
selection of an homocyclo-tetramer 1-1054 of configuration In_In_In_In_MPMP in DCL (In referring to
the orientation of the face in or out the cavity, M/P standing for the disulfide bond stereogenic
configuration). Under some conditions of 1-1054 crystallisation, an unexpected metathesis of disulfide
bonds converted two 1-1054 into an octamer with a disulfide configuration MPPPMPPP. The London
forces were postulated to drive the self-assembling of 1-105, but a DFT study showed that the self-
assembly was governed by repulsive steric effects.
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1. Introduction

The objectives of this chapter were to use disulfide-bridged cyclophanes obtained by dynamic
combinatorial chemistry (DCC) in order to study fundamental concepts such as the influence of
solvation and steric effects in molecular recognition and self-assembling. The aim was also to expand
our family of disulfide-based polycarboxylate cyclophanes named dyn[a]arenes.

Cyclophanes are organic compounds containing aromatic rings bridged by aliphatic chains in two non-
adjacent positions®. Following the positions of connection, the cyclophanes are [n]metacyclophanes,
[n]paracyclophanes or [n,n’]cyclophanes. Meta and para correspond to the nomenclature of aromatic
substitution while n corresponds to the number of atoms forming the bridge. Their first synthesis was
reported in 1899'! and 19512, These macrocycles feature unusual properties and have focused
attention for decades. Among cyclophanes, well-known family emerged, such as calixarenes
(metacyclophane)?® or pillararenes (paracyclophane)®*. The cyclophanes can adopt a specific topology
and original conformations when aromatic rings are distorted because of the large strain from the
short aliphatic bridge connecting the two phenylene groups®®. These specific features enabled many
fundamental studies and applications (Scheme 5).
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Scheme 5 : Examples of cyclophanes and their applicationsi%89.16: Top left, calixarenes, right, phosphine cyclophane,
bottom, strained cyclophanes, R various groups.

Among them, many concepts linked to (anti)aromaticity were developed thanks to cyclophanes!?*?’,

such as the particular spatial arrangement between (anti)aromatic rings'®. Besides, the molecular
recognition by cyclophanes was widely explored over the last decades®. The cyclophanes are efficient
receptors in aqueous solutions for a variety of substrates such as arenes?, steroids?!, adenosine and
amino acids, equalling enzymes and other proteins®. The studies of cyclophanes led to the discovery
of important notions in host guest chemistry, such as the cation/m interactions?, which is a noncovalent
molecular interaction between the face of an electron-rich i system and an adjacent cation??. This
discovery enabled many applications in biochemistry and biology?3. Thus, cyclophanes are good
candidates to study fundamental concepts such as solvation and steric effects?*. Steric effects are
nonbonding interactions that influence the shape and reactivity of ions and molecules, complementing
electrostatic interactions. The solvation refers to the organisation of solute and solvent into solvation
spheres, including bonds, H-bonds, and Van der Waals forces?*. For instance, the study of water soluble
cyclophanes revealed that a close apolar complexation was enthalpy-driven3. Nowadays, this notion
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is named the non-classical hydrophobic effect®®. Specific conformation and configuration of the
cyclophane structure is a source of chirality®® and helical structures?®, leading to asymmetric catalysis?’
for instance?’®. Such architectures are used in optical or electronic materials®, metal capture®,
biology?® and polymer chemistry'®3, The extensive use of cyclophanes for such theoretical
investigations and applications validates our choice to their use for the exploration of the influence of
solvent and steric effects in self-assembling.

However, their synthesis is challenging given their complexity. The reactions involved had usually a
poor functional tolerance and extensive purification steps®. In fact, the old route to cyclophane is
based on intra and intermolecular macrocyclisations, occurring in harsh conditions®2. Most of the time,
a complex mixture of oligomers and polymers are obtained®3. The reaction leading to cyclophanes are
for instance addition (Mannich reaction, Michael’s addition) rearrangement (Beckmann, Claisen),
coupling (Glaser-Eglinton, Castro-Stephens, Sonogashira), Friedel Craft reaction, metathesis,
cycloaddition (4 + 2, Dotz benzannulation) and elimination (Hoffman, Wittig)®!. They are all limited by
unfavourable cyclisation steps. For instance, the Wurtz and Mc Murry couplings can help avoid an
uncontrolled polymerisation and the Wittig reaction can give mixte heterocycles®!. As an alternative
route, a modern self-assembly and dynamic covalent chemistry under thermodynamic control has
been recently developed to access such organic cages®, tailored for specific applications®®. Dynamic
combinatorial chemistry is a method of synthesis and screening of chemical compounds, based on self-
assembly. Self-assembling is the spontaneous and reversible organisation of multiple building blocks
into a single superstructure. In the field or supramolecular chemistry, DCC has led to a diversity of
complex architectures®, starting from building blocks and using reversible chemical bonds®’. The
formation of products occurs under thermodynamic control, and the distribution depends on their
relative stability®’. This strategy overcomes the issues of the traditional approach and extend the
cyclophane design to 3D ones for instance®®. Dynamic combinatorial libraries (DCLs) of dithiol building
blocks can respond to the stimuli of a guest to amplify the formation of disulfide bridged
cyclophanes®” . For instance, the polycarboxylate disulfide-bridged paracyclophane I-1; is synthesised
by DCC thanks to the template effect of spermine (Scheme 6)*°. That macrocycle, widely used in our
team, binds with various lysine derivatives®. The accessible molecular diversity and the
selection/amplification of superstructures by self-assembling through DCC validates this synthetic plan
to obtain synthetic receptors.

SH CO,H
HO,C Spermine 1-8 0.25 eq /(/S
>
CoH  Tris 200 mM, pH 7.4, rt, 48 h, 80 % st
SH CO,H
I-1 -1,

Scheme 6 : Amplification of I-14 by the template spermine I-6 from the I-1 building block in Tris buffer

The purpose of this chapter was to explore the modification of chains or chemical functions on that
macrocycle, with all possible freedom degrees, and then to use the family of disulfide cyclophanes to
study fundamental concepts (Scheme 8). Compared to the Dougherty’s cyclophanes, our objects are
polycarboxylate and dynamic, which can complexify the analysis. Solvation and hydrophobic effects
are important phenomena, relatively misunderstood or underestimated in supramolecular and host
guest chemistry. The solvation and desolvation processes play underexploited determinant roles in the
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thermodynamics of the complexation between cavitands such as a cyclophane and guests. It is
especially the case when disturbed or particularly stable water molecules are expelled upon
complexation by the guest. Cyclophanes contributed to the investigation of solvent effects, for
instance with the cucurbituril family’. Molecular dynamic underscored a toroidal region of high water
density at the centre of a nonpolar cucubit[7]uril*2. The presence of water in this region is disfavoured
energetically and entropically and contribute to the known ability of cucurbituril to bind guest
molecules with unusually high affinities (Scheme 7). Maps of the enthalpy and entropy of solvation in
and around the cavitand revealed unfavourable contributions to the solvation at the entry of the
cavity, relatively to the bulk water’. By a combination of experimental and computational studies in
aqueous solution, the release of perturbed “high-energy” water molecules from a cavity of a
cucubit[8]uril containing dicationic amines favoured the formation of an inclusion complex with
electron-rich aromatic guests*. That highlighted the choice of cyclophanes to study solvation relative
effects in supramolecular chemistry. Cyclophanes usually contains a water network inside their cavity.
Upon complexation by inclusion, the release of water molecules and the overall processes of binding
can be entropically (classical hydrophobic effect) or enthalpically (non-classical hydrophobic effect)?*
driven, that will be investigated with I-14.

Scheme 7 : Spatial maps of second order translational entropy density of water, relative to bulk, in and around a
a curcubit[7]uril, from molecular dynamic. Left: Entropy contoured at —0.02 kcal/mol/A3 (pink), -0.01
kcal/mol/A3(transparent orange), and +0.005 kcal/mol/A? (green). Middle: same, omitting the contour at —-0.01
kcal/mol/A3? and additionally showing water number density contoured at 0.1 waters/A? (gray) and 0.175
waters/A? (magenta). Right: rotated view, showing only entropy density contours at -0.02 and 0.005
kcal/mol/A? and number density contour at 0.01 waters/A3. Entropies are multiplied by temperature to convert
to kcal/mol. Extracted from reference’.

Few variations on a I-14 and/or its ligands combined with an experimental and computational study
will reveal the key contributions of solvation on the association of I-15 with polyamines in water. Those
associations take places between cationic amines and anionic carboxylates and are mainly
electrostatic. A modification of the chemical functions as well as the topology of the cavity of I-14 will
be relevant to study the inclusion complex and the influence of water molecules around and inside the
empty cavity. A chain elongation will expand the diameter of the cavity, changing the flexibility of the
complex. The use of heterocyclooligomers with different chemical functions will affect the electrostatic
interactions. However, an increase of the complexity of the macrocycle will result in more complex
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analysis and deconvolution of the contributions. The use of structurally near macrocycles compared to
I-1, paves the way for the templating with similar polyamines and the study of the resulting
differences. In addition, the expansion of the cavity height and the separation of the thiol and the
carboxylate by a bulk group will favour the steric effects while the electrostatic contribution will
decrease. Such cyclophanes are adapted to study the influence of steric effects in self-assembly.
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Scheme 8: Goal and methodology in the chapter 1. The aim was A) study of the affinity for diamines of I-14 and
the solvation effects in its binding with polyamines; B) synthesis of heterocyclo-oligomers derived from I-1 and
others 1,4-bisthiophenols, as well as their homocyclo-oligomers, through DCC in order to modify the size of our
cavitands and the chemical functions on the rims (modification in orange, R any chemical group); C) self-
assembly of a bulk 1,4-bisthiophenol I-105 to obtain different cavity compared to I-14 and study of the influence
of steric effects in the process. The methodology combines synthetic work, physical chemistry and
computational chemistry.

The recent progress made by computational chemistry and molecular dynamics can now provide a
further insight into the thermodynamic of the binding mechanisms in host guest chemistry’>*3-%, The
synthesis of a previously known I-1 and new building blocks (I-15, 1-105) will be presented. Then,
oxidation of their thiols into disulfide bonds through DCC will enabl to study their self-assembly and
the subtle change induced by the backbone modifications between the building blocks. Finally, state
of the art computational methods such as density functional theory (DFT) and molecular dynamic (MD)
will be used to investigate the self-assembling of I-105 and the binding properties of I-14 with various
polyamines, compared to the experimental data.
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2. An aside for a brief presentation of the DCC and the associated computational tools

An important part of the work presented in this manuscript is linked to dynamic covalent chemistry
and in a certain extent to computational chemistry. The thermodynamic aspects of the DCLs which
were studied experimentally were modelled by computational chemistry. Therefore, the DCC is briefly
presented as well as density functional theory and molecular dynamic, which are the two
computational tools that are the most used in the community and applied here.

a. Presentation of dynamic combinatorial chemistry

Dynamic combinatorial chemistry is a method of synthesis and screening of chemical compounds,
based on self-assembly®. Self-assembly is the spontaneous and reversible organisation of multiple
simple building blocks into libraries of complex structures®® (Scheme 9). In a dynamic
combinatorial library (DCL, or library), complex structures from the building blocks are continuously
interconverting and virtually explore all the combinations®’. That is why DCC is a method of synthesis,
at the opposite of classical synthetic chemistry*® and combinatorial screening®. The DCLs reach a
stable thermodynamic equilibrium for a given set of starting conditions. The proportion of the member
of DCLs are influenced by external stimuli®® (redox potential, presence of a molecule for instance
(Scheme 9) modifying the relative thermodynamic stability of the library members®, therefore
changing their distributions by enrichment of high-affinity guests for instance. The amplification is
linked to the association constants with the external stimulus in the case of a molecule®?, that is why
DCC is a method of screening. The molecule acting as an external stimulus is named template and its
concentration dictates the selection/correction process>3.

Building blocks DCL without template: stable thermodynamic distribution
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Scheme 9 : Principle of DCC. Different building blocks (left, top) self-assembles into a library of different
structures (right, top) by a reversible process (covalent association or non-covalent interactions), reaching a
stable thermodynamic distribution. Upon an external stimulus, here a template, the distribution is shifted to a
ligand with the highest affinity to the template (bottom)
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The application of this method of synthesis and selection are wide®, for instance catalysis®¥,
identification of lead compounds for drug discovery*>*> or design of functional materials®*>*¢. DCC is
also employed in order to discover inhibitors of enzymes®’. For instance, a DCL of bis-acylhydrazones
identified inhibitors of the aspartic protease endothiapepsin®. The most efficient inhibitor 1-4
exhibited an ICso value of 54 nM, improving 240-fold in potency compared to the parent bis-
acylhydrazone hits with a ICso value of 2.1 uM. The ICso were calculated thanks to fluorescence increase
of the inhibitors separated from the DCLs, because of hydrolysis by endothiapepsin.
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Scheme 10: Retrosynthetic analysis of the designed bis-acylhydrazone inhibitors and structure of the most
potent inhibitor of the aspartic protease endothiapepsin (ICso = 54.5 nM, 250-fold improvement compared to
the parent hit). R, R’ various chemical groups.

Usually, the DCL are conducted in small sizes aqueous solutions and analysed by LC/MS>°. Numerous
cavitands were formed and amplified by DCC, enlarging the possibilities of structures and improving
the yields of synthesis compared to synthetic chemistry*#>€, The reversible organisation of the building
blocks is mainly based on covalent links obtained by reversible reactions. The most frequently used
reversible reactions in this thesis is the thiol disulfide exchange reaction3% (Scheme 11). The mechanism
is given below and requires a thiolate. Consequently, the reaction is pH sensitive (optimal 7-9) and can
be stopped at low pH.

(1) R1/SH + R2/SH + Ox —_—— R1/S\S/R2 + Red
S.__R S w S.__R S
2) RS2+ RYT < RSP YRS
S.__R Sea-Re S...R S..-R
@) RS2t Ry TST4 == RT3+ Ry TN

Scheme 11: Thiol disulfide exchange reaction, used in DCC. The thiolate concentration is optimum at pH 7-9.
Reversibility thanks to (1) connection/disconnection of disulfide bond, (2) substitution, (3) metathesis

Starting from a DCL without preformed disulfide, the thiols are oxidised into a disulfide bond. The
reversibility comes from three simultaneous equilibriums: (1) connection and disconnection of thiols
into disulfide bond, (2) thiol-disulfide exchange and (3) metathesis of disulfide bonds. The metathesis
of disulfide bonds is generally induced by a combination of a reducing agent and base or by irradiation
with ultraviolet light®. In the conditions used for DCL (aqueous buffers at pH 7.4, midly basic without
reducing agent), this third reversible reaction is supposed to be limited.
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However, the oxidation of thiols is not limited to disulfide bond. As a matter of fact, the thiols can be
oxidised into sulfenic and sulfinic acids and the disulfide bond can also be oxidised in sulfones or
sulfoxides for instance®. Those oxidations are not desired because they limit the reversible reaction.
That is why they are called “overoxidation” in this thesis and must be avoided as much as possible. The
building blocks used in this thesis are 1,4-bisthiophenols. The disulfide bond formation can led to small
cyclo-oligomers, which is desired, or to linear long polymers, which is not desired in order to obtain a
correct exploration of the different structures and selection generated during a DCL. We are interested
by obtaining macrocycles of small sizes. In this case, the disulfide bond formation is called
“oligomerisation” in contrast with “polymerisation” (Scheme 12). The synthesis of cyclophanes such as
pillararenes depends on the conditions®. The cyclo-oligomerisation is a thermodynamic process, in
contrast with the polymerisation, which is a kinetic process. The balance between both depends on
the concentration, the temperature and all the reactions conditions.

Sulfinic, sulfenic acids Sulfones, sulfoxides
L8 ¥ S ('s? RS
P % SN[ ~
RS oH Sr-Son 22 rOg ﬁ}i
Overoxidation Overoxidation

Oligomerisation
Hs sH == - ég(S\R/Sisj’{ %S\R/Sisﬁf

Polymerisation

Cyclic small oligomers Linear polymers

Thiols Thermodynamic products  Kinetic products

Scheme 12: Desired reactivity of thiols for DCC based on thiol disulfide exchange (green, oligomerisation in small
cyclic oligomers upon thermodynamic control, orange polymerisation upon kinetic control) and undesired
reactivity (overoxidation into sulfinic, sulfenic acids, sulfones and sulfoxides), stopping the reversibility.

Due to the accessibility of thiols and the mild conditions of the reversible reactions, disulfide based
DCLs are widely used and applied for the assembling of cavitants'®34237:38:3%b64 The oxijdant that is
mainly used in this thesis is molecular oxygen O.. lodine I, is also employed. In the literature and in this
work, the DCL obtained by I, are said “kinetic”, while the DCL obtained by O, are said “thermodynamic”.
The dissolution of oxygen in a solution is a slow process compared to the rate of the thiol-disulfide
exchange, explaining the term thermodynamic. The equilibration can take place while the oxidation of
thiols into disulfide bonds does not surpass the equilibration. At the opposite, iodine is added in
solution in the DCL. Its dissolution and reaction by oxidation of thiols in the media are quick compared
to the disulfide exchange rate, explaining the term kinetic.

b. Density functional theory: fundamentals

The DFT is an ab initio approach, which means that the calculation is based on theoretical principles
and not on experimental data. The mathematical approximations defined the computational methods.
One of the most famous is the Born Oppenheimer approximation®, stating that the motion of atomic
nuclei and electrons ia a molecule can be separated (eq 1). The corresponding electronic hamiltonian
can be written as followed for stationary nuclei (H hamiltonian, T kinetic energy operator, V potential
energy operator) (eq 2).
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l/)tot = lpelectrons ® lpnuclear (1)

Helectronic electrons T Velectron/nuclear + Velectron/electron (2)

The DFT origin lies in the Thomas-Fermi model of the atom®®, which was improved later by Honenberg
and Kohn. In short, the energy of an atom was approximated by the equation (3) (v nuclear potential,
p electronic density).

Elp(r)] = 2,871fp(r)5/3dr + [ p(r)v(r)dr + ffp(l:)_—i(,rll)drdr’ (3)

The DFT energy is based on the electronic density, determining the whole system, while Hartree Fock
methods are based on wavefunctions. In fact, the Honenberg and Kohn theorems state that the
fundamental energy of a system is completely described by its electronic density®’. The fundamental
energy is hence a functional® of the electronic density and a variational principle can be applied (eq 4).

Elp(M] = [p)v(r)dr + Flp(r)] (4)

Nevertheless, there is no exact analytical formula giving the energy from the electronic density. The
energy corresponding to the previous hamiltonian can be written as followed® (eq 5).

E=T+ Eelectronmuclei + Eelectron|electron (5)

The electronic interactions are composed of a coulombic contribution J, and an exchange correlation
term Ex®. The last is due to the electronic indiscernibility. Thus, the energy of interactions between
the electrons could be written as followed®® (eq 6).

E=T+ Eelectron|nuclei + ]+ Exc (6)

The accuracy of DFT lies in the E« term. The other ones can be exactly determined. All the current
developments intend to propose more accurate functionals accounting for this
exchange/correlation’®. The current functionals are based on a generalised gradient approximation
(GGA) rather than local density approximation (LDA). The electronic density is considered as a non-
uniform electronic gaz. Hence, the functional depends on the electronic density and its first
derivatives’t. Meta-GGA functionals also depends on second derivatives. The most frequently used
functional at the moment and in this work is B3LYP. It is an hybrid one, combining several other
functionals’ (eq 7).

Exc'"" = B2t + ay(BXT — ExP) + ap (EZ% — ExP) + as(EES! — EcP) (7)

The DFT methods benefit from the correlation/exchange in its theoretical developments but suffer
from the accurate determination of this contribution. The DFT is widely used in order to obtain
optimised geometries, excited states, energies for instance’®. The calculation cost is reasonable with a
satisfying accuracy compared to other computational methods. Finally, an attention should be paid for
system highly influenced by dispersion forces (Computational description).

c. Essentials of molecular dynamic simulation

The molecular dynamic is a computational method using classical mechanics. The evolution of a
molecular system during a given time is obtained through the Newton’s law. This is a time dependent

L A functional is an application of a vector space to its scalar body
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and an empirical approach. In fact, the bonds are not calculated but are parameters thanks to force
fields. A force field is a list of parameters and potentials describing the potential energy of a system?4.
The total energy of the system is written as followed (eq 8). For instance, the bond energy can be
modelled by a spring potential (eq 9).

Etotal = Ebond + Eangle + Edihedral + EVdW + EElectrostatic (8)

Ey, = % kij(rij — 15 ’ (9)
The forces are calculated thanks to the force fields and then the Newton’s law (eq 10) is integrated by
a Taylor development (eq 11) for instance, giving the atomic positions at the next time step 6t’°. The
natural motion of the molecular system is modelled with fixed conditions such as solvent box,
temperature, pression and boundary periodic limits’. The given energy enables the atoms to move
and to interact with their neighbours. The molecular dynamic is widely used in material science and
medicinal chemistry”’.

YiF; =ma; (10)
x (t+ 8t) = x () + v(t)8t + % a(t) 5t2 + ... (11)

These two computational methods could be applied in the context of dynamic covalent chemistry in
order to explain the driving forces of self-assembly and the stability of some macrocycles.

3. Self-assembly of 2,5-dimercaptoterephthalic acid I-1 through DCC and selective complexation
of a corresponding disulfide cyclophane I-15 with polyamines in water

Dynamic combinatorial chemistry is a supramolecular approach using self-assembly to generate a
variety of compounds starting from building blocks. The distribution between the member of a DCL
can change upon templating and can amplify a specific component. Such a phenomenon of selection
can be used to selectively synthesised and purified synthetic receptors through DCC. Thanks to the
process of correction and selection, these synthetic receptors approaches natural systems in terms of
binding affinities with their templates or relative guests*>7%. Self-assembly39¢k648,7939d,ik 64g,7939d,i k.64¢,79
of dithiol building block through DCC have been widely explored for the elaboration of new host
molecules®34k57872 |n this context, this subchapter presents the self-assembly of a bisthiol building
block I-1, which is widely employed in our team, into a disulfide cyclotetramer I-1; and the
complexation of this receptor with polyamines.

a. Self-assembly of 2,5-dimercaptoterephthalic acid I-1 through DCC and structural
properties of its oligomer I-14.

In this part, the aim was to synthesise the targeted building block and the derived cyclotetramer I-14.

i. Synthesis and self-assembly of I-1

The building block I-1 was used by our team and different research groups interested in thiol exchange
reaction and DCC’®™%. The bisthiol was synthesised in 3 steps from I-5 (Scheme 13). The first step
consisted of the introduction of the O-thiocarbamate group on the alcohol position® with a satisfying
yield of 99 %. Then, a neat and thermal rearrangement of Newman-Kwart converted the O-
thiocarbamate I-6 into a S-thiocarbamate group?®® 1-7 with an excellent yield of 82 % compared to other
similar rearrangements®. Finally, a basic deprotection cleaved both S-thiocarbamate and ester groups
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into thiols and carboxylic acids® with a satisfying yield of 95 %. The overall yield was 77 % in 3 steps.
The synthesis required no chromatographic purification and could be performed at a multigram scale.
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Scheme 13: Synthesis of I-1 a) dimethylcarbamothioic chloride, DABCO, DMA, r.t., 24 h., 99 %; b) neat, 210°C, 82
%, c) KOH, EtOH/H:0, 60°C, 5 h., 95 %

The dissolution of I-1 at 4 mM in a Tris buffer (200 mM pH 7.4) led to the formation of three discrete
macrocycles after 48 hours of stirring (LC-MS and *H NMR analysis): a trimer 1-13 (23 %), a tetramer I-
1, (74 %) and a pentamer I-15(3 %). The same DCL, templated by 1 mM of spermine, led to a spectacular
amplification of 99 % of the tetramer I-1,°. A precipitation induced template removal and separation
of I-14 with a yield of 80 % and a purity of 99 % (NMR).

SH CO,H
HO,C Spermine 1-8 0.25 eq /(/S
?
CO,H  Tris200mM, pH7.4,rt, 48 h, 80 % st
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Scheme 14 : Amplification of I-14 by the template spermine I-6 from the I-1 building block in Tris buffer

The macrocycle I-1; was widely studied in the group over the last years*®®482 |t was named as a
member of the family of dyn[n]arenes, with other similar disulfide macrocycles. The term “dyn”
accounts for the dynamic aspect of the DCC.

ii. Structural properties of I-14

The formation of disulfide bonds from thiols was a source a stereogenic elements regarding the
structure of I-15. There was not only one cyclic tetramer that could be formed through the self-
assembly, but several because of specific configurations and conformations. As a matter of fact, each
disulfide bonds could adopt a specific conformation®, P or M referring to the nomenclature®. This
comes from the ideal torsion angle of 90° of the disulfide bonds®. Consequently, 4 different
stereoisomers of conformations were possible: PPPP, MMMP, MMPP and MPMP (Figure 2).
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In addition, the monomeric unit is a 1,4-bisthiophenol with carboxylic acid in the 2,5 positions of the
aromatic core. Given that the rotation around the axis of the sulfur-sulfur bonds are blocked in the
macrocycles, a stereodescriptor of configuration prochiral R/S could be attributed to each disulfide
bond®. That resulted in different homo- or hetero-chiral I-14 (Figure 2). I-14 obtained by templating
with spermine showed a sharp peak in *H NMR. A DFT modelling suggested an homochiral product
(pS)4/(pR)4, minimising the repulsive Coulombic interactions between the carboxylate groups around
the polar rims. The 3C NMR revealed a unique C-H signal. Given that the inversions of the disulfide
bridge’s dihedral angle was estimated to be around 75 kl.mol™, the conformers were exchanged at
the NMR time scale and could not be seen by NMR. That self-assembly of I-1 into a homochiral I-14,
templated by spermine, illustrated the isomolecular diversity from the oxidation of thiols into disulfide
bonds through DCC. The configurational and conformation diversity is a common feature in this thesis
regarding all the DCL involving 1,4-bisthiophenols.

Stereoisomers of configuration

R R
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Stereoisomers of conformation
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Re(}) (Dro
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View in the S-S axis
P M

Figure 2 : Isomolecular diversity in the self-assembly of I-1 into I-14 regarding conformation and configuration
concerns. The carboxylic acids are omitted for clarity for the conformation analysis

iii. Heterocyclo-oligomerisation with I-1 and other 1,4-bisthiophenols

The aim of this subpart was to synthesise heterocyclo-oligomers, especially tetramer, of I-1 and other
1,4-bisthiophenols through DCC in order to obtain modifications on the chemical functions available
on the rims of the macrocycles.
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Scheme 15: Objectives of the subpart: synthesis of heterocyclooligomers from I-1 and 1,4-bisthiophenols
through DCC (orange, R any chemical groups) in order to obtain a similar cavity than I-1s with different
chemical functions on the rims

Two building blocks were combined with I-1 in DCLs: diethyl 2,5-dimercaptoterephthalate I-11 and
dithiophenol 1-12. 1-12 was the product of a partial basic deprotection of S-thiocarbamate groups®
with a poor yield of 22 % (Scheme 16).

SN SH
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>
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I
N__S SH

I-7 I-11
Scheme 16: Synthesis of I-11

The building blocks I-1 and I-11 or dithiophenol I-12 were dissolved at 2 mM respectively in solvent
(Scheme 17). The DCLs were performed in a mixture 1:1 of Tris buffer 200 mM pH 7.4 and organic
solvent (MeCN or DMSO). The mixtures were analysed by LC-MS and/or ESI-MS analysis. For both
combinations of 1-1 with 1-11/12, linear, homo- and hetero-oligomers were observed in ESI-MS
analysis. Nevertheless, no longer oligomers were detected. Precipitation occurred during the libraries
and might result from a polymerisation or a poor solubility of the oligomers containing 1-12 and I-11
units. The screening of the solvents, the stoichiometry and the templating by spermine did not led to
the detection of desired heterocyclo-oligomers by LC-MS or ESI-MS. The conditions of DCLs could be
optimised in the future.

CO,H R R
SH SH S
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CO,H
I-1 R =H 1-12, CO,Et I-11

Scheme 17: Building blocks for DCLs attempting to create a mutant of I-14
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Alternatively, post-assembling modification of I-14 was attempted by peptide-like coupling with 1-13
(Scheme 18). The amide bond formation involved HCTU?°¢%7 gnd gave a complex crude mixture, which
could not be purified.
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Scheme 18: Modification attempt of 1-14 by amide bond formation with cationic amine 1-13

The cyclic tetramer 1-14 can be amplified through a DCL of I-1 thanks to the spermine I-8 template. It
was also accessible by oxidation with iodine. No mutants or modifications could be performed on the
macrocycle.

b. Factors governing the selectivity of the carboxylate receptor I-15 with a series of o, w-
alkyldiammonium ions of increasing chain length in water

The aim of this part explored the factors governing the association between the macrocycle I-1 with
various polyamines I-10, (Scheme 19). Polyamines play significant roles in mammalian physiology. They
regulate many metabolism in cells and act as antioxidants®. for instance Putrescine promote cell
division and ethylenediamine is an agonist of GABA &. Besides, abnormal concentrations of polyamines
are linked with many disease states, such as a defect in lysine metabolism®. Polyamines can modulate
the functions of DNA and RNA®L In fact, most of polyamines form a complex with these two
biomolecules.

NH, N
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O,H
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Sl 32663-{ NH, NH, "
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Scheme 19: Formation of pseudo rotaxanes with I-1 and a series of diamines I-10 with increasing chain lengths.

The goal of this part was to compare a series of experimental data from ITC with computational data from
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molecular dynamic in order to understand the driving forces of the complexation as well as the selectivity for I-
106

Historically, the receptor I-14 was discovered in a work linked to DNA?. I-14 bound spermine with a Kq
of 22 nM, enough to remove it from its natural host DNA and reverse some of the biological effects of
spermine on the nucleic acids. In fact, low concentrations of spermine induces the formation of left-
handed DNA, but upon addition of the receptor, the DNA reverted to its right-handed form. The
macrocycle 1-14 is fully deprotonated in solution (determined by pH titration®?), bearing 8 negative
charges, and its formation is templated by spermine I-7. Hence, it is a relevant receptor for
polyammonium ions thanks to salt bridges with the anionic carboxylates. In addition, the hydrophobic
cavity can interact with alkyl chain following the chain length. The binding strength between a series
of terminal alkyl diamines I-10 and I-1,5 was investigated in order to understand the driving force of the
complexation and the role of solvation?. ITC experiments® were performed in order to provide a set of
thermodynamic data (AH°, AS°, A/G®°, Ki) which were compared to their theoretical counterpart
obtained by molecular dynamic simulations. The computational resources were provided by the PSMN
of the ENS de Lyon. The computational details are given in the experimental section (Molecular
dynamic). I-14 and the series of diamines form pseudorotaxanes upon complexation (Scheme 19). The
experimental thermodynamic data of the association are presented in the following table, reaching an
optimal value for hexanediamine 1-10¢ (Table 1).

Guest | K, (10° M) | AH° (ki.mol?) | -TA,S° (k).mol?)
1-10, | 0.03 +/-0.00 | -5.04 +/-1.05 | -20.8 +/-0.36
1-103 | 0.21 +/-0.03 | -5.48 +/- 0.82 -24.7 +/- 0.58
1-10;4 | 9.25+/-1.20 | -24.7 +/-0.32 -16.5+/-1.53
1-105 28.4+/-3.7 | -26.5+/-1.06 | -15.6+/-1.01
1-10¢ | 46.2+/-3.4 | -27.5+/-0.07 -16.2 +/-0.29
1-10; | 42.1+/-6.2 | -33.3+/-0.20 | -9.47 +/-0.34
1-10s | 32.8+/-5.6 | -37.7+/-1.42 -4.96 +/-2.31

Table 1: Thermodynamic data of the association between I-1, and the diamine series 1-10

Computed energies of the association were obtained by MM-PBSA calculations, which is a common
method to estimate the free energy of the binding of small molecules with biomacromolecules®. The
only valid comparison between computed data with the experimental data must be drawn on the
relative thermodynamic parameters (AAH®, AAS®, AAG®) because MMPBSA provides inaccurate
absolute energies of complex formation (Scheme 17). The two sets of data followed the same trends.
The relative enthalpy of association AAH° become more and more favourable as the chain length
increased while AAS° was more and more unfavourable. This agreement suggested that both entropy
from water molecules and energetic penalties associated with conformational fit upon complexation
remained constant along the series.

2Many people contributed to the work presented in this paragraph. My contribution is minor and mainly
consisted in the I-14 synthesis and a small part of the molecular dynamics. The reader should consider this subpart
regarding polyamines as a bibliographic paragraph regarding rather than a personal contribution to the field.
Nevertheless, the following subpart regarding spermine and spermidine is my full contribution to the theoretical
investigation of the driving forces.

3 The ITC experiments were performed by Dr. Heloin
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Firstly, a lock and key model could not explain the selectivity. As a matter of fact, the distance between
plus and minus charges, which encompassed the electrostatic complementarity, and the SASA, which
encompassed the geometric complementarity between host and guest, predicted that I-105 must have
the more favourable enthalpy of association A:H°. However, I-10¢ formed a more stable complex, even
though its enthalpy of association AH° was higher by 13 kJ.mol? compared to the longest chain I-10s.
In addition, the classical hydrophobic effect was constant along the series and did not discriminate the
diamines. Consequently, the lock and key theory was not adapted to the system. That is why a finer
analysis involving water was explored thanks to a thermodynamic deconvolution (Scheme 21).
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Scheme 20: Comparison between the experimental (red) and computed (blue) relative energies of binding
between host I-1, and guests I-10, with 1-10s as a reference.
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Scheme 21: Thermodynamic deconvolution of the binding process between I-1, and diamines into a desolvation
step, an association in gas phase and a solvation of the complex. Each step is associated with an enthalpic and
entropic contribution. Blue, water molecules.

The process was formally divided into a desolvation of the partners (eq), an association of the receptor
and the diamine in gas phase (eq) and finally a solvation of the complex (eq). To each step was
associated an enthalpic A/H® and entropic contribution A/S°, partially accessible thanks to MM-PBSA
(eq 11 and 12).
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ArHO = ArHOdesolvatation + ArI'Ioassociattion.gas + ArHoresolvatation (11)

_TATSO = _TArsodesolvatation - TArsoassociation,gas - TArsoresolvatation (12)

The principal entropic contributions to an association process are due to changes in translational,
rotational and vibrational entropy. Firstly, the relative entropic association in gas term -
TAAS association,gas WAs less and less favourable along the series because of the increasing loss of freedom
degrees for the diamine upon binding (ie translational and internal rotation freedom). The
correspondence observed between the experimental relative entropy of complex formation in solution
and the computed relative -TAAS gaz,association iNdicated that the sum of the solvation -TAS°sowation and
desolvation -TA/S°gesonation term, encompassing the classical hydrophobic effect and the release of
water molecules from the polar areas remained constant along the series of guests.

Regarding the enthalpy AH®, the association in gas ArH’association,gas Was purely of electrostatic nature.
The term was less and less favourable along the series because of the increasing inductive effect of the
aliphatic chain. However, that did not follow the experimental trend. Consequently, the resolvation of
the complex ArH resolvation and desolvation of host and guest ArH gesonvation terms were determinants. In
fact, the experimental trend was similar to the sum of the enthalpic desolvation and resolvation
AH®resolvation + ArHgesolvation. These computed values increased with the chain length and were
dominated by polar contributions corresponding to the desolvation and resolvation of the polar areas
of the host and the guest.
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Scheme 22: Evolution of the computed enthalpy of desolvation of guests I-10,, and of the corresponding relative
enthalpy of solvation between bound and unbound states with host I-1.

The contribution of the receptor was the same along the series. Nevertheless, the desolvation cost
decreased with the chain length because the diamine became more and more hydrophobic (Scheme
84). Mathematically, the resolvation of the complex AH°resonation b€Came more and more favourable
with the guest’s chain length despite its progressive protrusion from the cavity and the exposure to
the solvent of its hydrophobic surface.

That more and more favourable AHesonation Was attested by a higher water density at the polar heads
of the carboxylates along the series (Scheme 23). The increased density of water around the ionic heads
of the complexes resulted in both stronger and more numerous solute-solvent and solvent-solvent
interactions, related to ArH’resowvation. It also led to an increased entropic cost of solvent immobilisation,
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but the entropic benefit of desolvation of the diamine counterbalanced the effect, which was coherent
with the constant sum of the entropic resolvation and desolvation terms.

Scheme 23 : Superposition of the average position of both receptor I-14 and guests with the density of presence
Blue : water (64.4 %), Red : COO (76.7 %), Green : NH2*/NHs* (99.5 %). Left: putrescine I-10s, right: cadaverine I-
10,.
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Scheme 24: Contribution of each enthalpic and entropic computed terms to the global picture of binding
between I-1, and the series of diamines, explaining the experimental trend.

To sum up, the association between I-1, and diamines were dictated, as the chain length increased:
1) entropically, by the unfavourable loss of freedom degrees of the guest related to ArS°sssociaiton,gas, 2)
enthalpically, by two solvent related phenomena: the decrease of the enthalpic cost of guest
desolvation A/H°gesolvation and the increase of the enthalpic benefit of complex resolvation ArH®resolvation
(Scheme 24).
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The binding process was enthalpically highly influenced by two solvent related phenomena,
rationalising the observed selectivity.

c. Factors governing the selectivity of the carboxylate receptor I-14 with spermine and
spermidine in water

The aim was to explain the selectivity of the macrocycle I-14 with two biogenic amines: spermine 1-8
and spermidine I-14 (Scheme 25) and to study in details the influence of solvation in the process. These
polyamines are essential regulators of cellular proliferation®*% and hence are biological targets for
their molecular recognition by synthetic receptors. ITC experiments were performed in order to
provide a set of thermodynamic data regarding the complexation of the receptor with the polyamines
and the stoichiometry of the complexes. The data was compared to their theoretical counterpart
obtained by molecular dynamic simulations. The computational resources were provided by the PSMN
of the ENS de Lyon. The computational details are given in the experimental section (Molecular
dynamic).
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Scheme 25: Formation of pseudo rotaxanes with I-14 and two biological amines I-8 and I-14. The goal of this part

was to compare a series of experimental data from ITC with computational data from molecular dynamic in
order to understand the driving forces of the complexation as well as the selectivity for 1-14

I-14 and the two amines formed pseudorotaxanes upon complexation (Scheme 25). The constants of
the association were determined by means of ITC* reaching an optimal value for spermidine 1-14
(Scheme 26). That was counterintuitive, because spermine I-8 is a tetracation while spermidine 1-14 is
a trication at physiological pH. At a first glance, a stronger association because of more electrostatic
interactions was expected with spermine 1-8. The constants of association reached 10° M for
spermidine and 10 M for spermidine. They are the highest described constants of association for a
synthetic receptor in water. The difference between the two amines came from the entropy, more

4 The ITC experiments were performed by Dr. Heloin
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favourable for spermidine 1-14. The aim of molecular dynamic simulations was to explain that
selectivity. Three systems were simulated: I-14 alone, and the inclusion complexes with the two

polyamines, during 100 ns in a box of water molecules. The cpptraj®> and Few®® packages were
employed.

Spermidine Spermine
- I I
-5,00
TED -5,20 -5,20
= -10,00 .
S 9,94 9,03
=
-15,00
1515 -14,23
-20,00
Complexes

mAH ®m-TAS mAG

Scheme 26 : Experimental thermodynamic data of the association between I-14 and spermine I-8 /spermidine I-
14, obtained by ITC titrations. The experiments were triplicated. Errors were calculated by standard error
calculations.

i. Qualitative analysis of the topology of and internal mobility of the complex

The average position on the atoms during the simulations were superposed with the 3D representation
of the probability of presence in order to evaluate the mobility of the guests and the host (Figure 3)°.
A probability of presence of n % for an atom/molecule means that n % of the frames contains the
atom/molecule within the coloured volume, illustrating the mobility of the atoms during the
simulation.

5> Grid and average command in cpptraj
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Figure 3 : Superposition of the average position of receptor I-1, and guests during the simulation, with
the density of presence Blue : water (64.4 %), Red : COO (76.7 %), Green : NH,*/NHs* (99.5 %). Left:
host alone, middle complex with spermidine I-8, right: spermidine I-14.

The different freedom degrees of the host and the guests are represented below. They are composed
of translational and rotational degrees.
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Figure 4 : Freedom degrees of the receptor I-1aand the polyamines in the inclusion complexes with I-14. The
faces of the receptor could modify the shape of the cavity because of the disulfide bridges while the polyamines
could translate inside the cavity, and the external amines could spin around the rims of the cavity.

The average position of the host atoms was well defined, even for the simulation of the host alone.
The host was poorly mobile, which was coherent with the strain induced by the short disulfide
connection between the aromatic units. The guests had a translational mobility inside the cavity of the
complexes, as attested by the unwell defined average positions of their atoms and the large green grid
of NH,"/NHs* probability of presence. The pictures revealed that the translational mobility was
qualitatively higher for spermidine I-14 compared to spermine I-8. The two internal amine moieties of
spermidine 1-14 seemed to have a slightly different vertical mobility one over the other, which was
coherent with the asymmetry of the guest. The external amines turned around the carboxylate rims,
interacting without discrimination with all the carboxylates. The presence grid gave an interesting
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picture of the solvation. A high density of water was found inside the empty cavity. That presence of
water molecules was not a continuity to the outside of the cavity. This density will be important for
the binding process. Indeed, the water molecule will be ejected from the cavity. Following its entropic
and enthalpic stability, the influence on the binding is crucial. Regarding the complexes, the grids
revealed that the solvation was denser at the rims of the complexes compared to the host alone, while
they were no obvious differences between the two complexes at this stage.

Logically, the average number of contacts per frame between the host and the guest was higher with

spermine I-8 (7.9 vs 6.6 for spermidine 1-14). The contacts® were defined by a distance cut-off of 3.5 A.
The contacts are mainly due to salt-bridges between the anionic carboxylate groups and the cationic
ammoniums. Spermine 1-8 has one additional ammonium (4) compared to spermidine 1-14 (3),
increasing the number of contacts. The average value and snapshots indicated that 2 carboxylates
established simultaneous contact with one ammonium when an external ammonium was engaged in
a contact. Regarding internal ammoniums, two or only one carboxylate interacted with the
ammonium. That explained the average value of 7.9 and 6.6 (for instance with spermine I-8, for a
representative frame 2*¥2 COO/NHs* + 1 COO/NH:"intern 1 + 2 COO/NH3"intern 2 = 8). The details of the
contacts between the host and the guests are detailed below (Figure 5). The map represents the
proportion of contacts between each carboxylates and ammoniums for the two complexes.
Differences emerged. Regarding the symmetric spermine I-8, the internal ammoniums were less in
contact compared with the external ammoniums. The scenario was different for spermidine 1-14. In
fact, the triamine was locked in the cavity by the internal terminal ammonium, which was at nearly 80
% in contacts with all the carboxylates of the inferior rims during the simulations. That led to a more
mobile external ammonium, which was less in contact with the superior rim compared to the external
ammonium of spermine 1-8. That mobility scenario was coherent with the grid of presence that is
discussed above. The lifetime of a contact was short, on average 5 ps for each sort of contact. The
maximum lifetime reached 100 ps for internal ammoniums, slightly higher compared to external
ammoniums (Figure 6). That illustrated the mobility of the amines, due to the quick jumps of the
ammoniums around the rims of the host.

6 Command Native contact in cpptraj.
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Figure 5: Proportion of contacts between the ammoniums of the guests (spermine I-8, spermidine I-14) and the
carboxylate groups of the host I-14. The host has 4 carboxylates on each inferior and superior rims. The amines
have internal and external ammonium groups. The contacts are normalised to 1. 0.8 means that the
ammoniums are in contact with the carboxylates during 80 % of the simulation. A contact exists if the distance
between the groups are equal or less than 3.5 A
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Figure 6 : Average and maximum lifetimes of the contacts between the carboxylate groups of the host rims and
the ammonium groups of the guests spermine I-8 (spm) and spermidine I-14 (spd).

The room mean square deviation (RMSD) measures the deviation of a set of coordinates to a reference
set of coordinates. A RMSD of 0.0 indicates a perfect overlap. The deviation of the host was similar
(1,4) for each complex (Figure 7). The RMSD’ of spermidine I-14 in its complex was higher compared to
spermine I-8 in its complex, resulting in a higher overall deviation for the complex of I-15 with
spermidine I-14. That was coherent with the contacts analysis and proved that the spermidine 1-14 had
more mobility compared to spermine I-8 in the association.

7 Command RMSD with cpptraj.
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Figure 7 : RMSD of the host I-14 and guests spermidine I-14 (spd) and spermine 1-8 (spm) in their complexes.

The experimental thermodynamic data indicated a more favourable entropy of association for
spermidine I-14. That analysis indicated that the mobility, thus the freedom degrees, of the two guests
were different. That could play a role in the entropy of association. The analysis does not have a
tendency and does not account for the solvation but starts explaining the entropic difference.

There were more salt bridges in the association between spermine 1-14 and I-14, but the polyamine was
less mobile compared to spermidine 1-14 in its complex. The guests showed vertical and spinning
horizontal mobility, especially for external ammoniums. The empty host contained a high density of
water molecules. The complexes revealed an increased density of water at the rims compared to the
empty host.

ii. Thermodynamic of the association

By the same comparative approach explored with diamines, the experimental and computational data
extracted from ITC and MMPBSA were compared. The only valid comparison between such computed
data with the experimental data must be drawn on the relative thermodynamic parameters (AAH®,
AAS°, AAG®) because MMPBSA provides inaccurate absolute energies of complex formation. The data
were analysed by difference (Figure 8).

As a matter of fact, the MMPBSA calculation indicated a more favourable relative enthalpy of
complexation AAH° for spermine I-8, while ITC experiments showed similar enthalpy of association.
Computed AAS® relative entropy of complexation for spermine 1-8 was less favourable compared to
spermidine 1-14, similarly to the experimental trend. That resulted in a contradictory relative free
energy of association AA/G®, experimentally slightly better for the spermidine 1-14 by nearly 1 kcal.mol
Land computationally more favourable for spermine.
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Figure 8 : Comparison between experimental (ITC) and computational data (MMPBSA) of the association
between I-14 and spermine 1-8 compared to spermidine I-14.

The disagreement between experimental and computed parameters (AAH®, AAS°, AAG®) suggested
that the entropy from water molecules did not remain constant with two polyamines, given that the
snapshots of the two complexes showed a similar conformational fit upon complexation. Like the
precedent study with diamines, a finer analysis involving water was explored thanks to a
thermodynamic deconvolution (Scheme 21). The process was formally divided into a desolvation of the
partners (eq), an association of the receptor and the diamine in gas phase (eq) and finally a solvation
of the complex (eq). To each step was associated an enthalpic AH° and entropic contribution A,S°,
partially accessible thanks to MM-PBSA (eq 11 and 12).
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Scheme 27 : Thermodynamic deconvolution of the binding process between I-1, and diamines into a desolvation
step, an association in gas phase and a solvation of the complex. Each step is associated with an enthalpic and
entropic contribution. Blue, water molecules.
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ArHo = ArHOdesolvatation + ArI'Ioassociation,gas + ArHoresolvatation (11)

_TArSO = _TArsodesolvatation - TArsoassociation,gas - TArSOresolvatation (12)

AH° was first analysed. The desolvation A/H° gesovation O the receptor was similar for the two complexes.
The desolvation AH’gesonvation Of the guests was less favourable for spermine 1-8 for + 190 kcal.mol™. In
fact, spermine had one more cationic charge with only 2 additional carbons. That resulted in more
interaction between spermine I-8 and the solvent to be disrupt during the complexation compared to
spermidine I-14. Regarding the association in gas ArHgas association, the term was more favourable for the
complex with spermine I-8 by -387 kcal.mol®. That was coherent given that there was one more
cationic charge in the inclusion complex interacting with the carboxylate rims of the receptor. A linear
interaction energy analysis® validated the result (Figure 9). This illustrated the increasing energy
resulting from electrostatic interactions (resulting in a more favourable ArH°gas association) between the
host and spermine 1-8 compared to spermidine 1-14 (by -180 kcal.mol), and that Van der Waals
contributions were weak.
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Figure 9 : Linear interaction energy analysis of the complex between I-14 and spermine I-8 (spm) / spermidine I-
14 (spd).

Finally, ArH®resonation Was less favourable for the complex with spermine 1-8 by 185 kcal.mol?, which was
at the opposite of the AH®resonvation Of the diamines, more favourable for increasing chain lengths. The
difference came from the presence of the internal amines, which depleted the accessible negative
charge density of the carboxylate by salt bridges for the water molecules.

Therefore, ArH resolvation Was less favourable in the case of spermine 1-8 at the opposite of ArH®gesolvation,
cancelling their contribution to the selectivity of the complexation. Therefore, the resulting enthalpy
of association A/H° should followed the contribution ArH°gazassociation, Which does not match the
experimental trend. Given that ArH’gazassociation Was the more reliable and that the tendency of the
desolvation ArH®gesonvation Was logical, we hypothesised that the solvation term ArH® esolvation Was the less
accurate in MMPBSA and should explain the equal experimental enthalpy of association (Scheme 28).
We supposed that the trend (i.e. less favourable solvation of spermine I-8 complex compared to
spermidine 1-14 complex) was correct but that the values were not correctly estimated. In fact, the
grid density of presence of water (Figure 3) showed an increased density of water molecules at the

8 Command LIE, cpptraj
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lower rims of the spermidine 1-14 complex. The water density is a direct mark of a better solvation and
hence a more favourable enthalpy of solvation.
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Scheme 28 : Contribution of each enthalpic computed terms to the global picture of binding between I-1, and
the two polyamines in order to explain the experimental trend which was similar enthalpy of association for the
guests.

Then, the entropy -TAS° was analysed. The term of association in gas -TA:Sgaz,association Was found more
unfavourable for spermine 1-8 by 2.70 kcal.mol ™. That was coherent with the previous analysis of the
topology and indicated a loss of freedom degrees upon binding (ie translational and internal rotational
freedom). The receptor was similarly mobile for both guests, while spermine 1-8 was less mobile
compared to spermidine I-14. That can explain the difference. The correspondence observed between
the experimental relative entropy of complex formation in solution and the computed relative -
TAAS gaz,ass0ciation S€€mMed to indicate that the sum of the solvation -TA/S°snation and desolvation -
TAS  desolvation t€rm, encompassing the classical hydrophobic effect and the release of water molecules
from the polar areas remained constant along the series of guests. At this point, the MMPBSA
explained the entropic scenario of the association (Scheme 29).

Partners in ] —TAS® ( Complexin
solution J L solution
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0
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{o]
—TAS association,gas

v

Desolvated partners ] ( Desolvated complex
+ solvent ) L L +solvent

R

More penalty with increasing spermine length + less mobile

Scheme 29 : Contribution of each entropic computed terms to the global picture of binding between I-1, and the
two polyamines in order to explain the experimental trend which was less favourable entropy of association for
spermine I-8.

Consequently, the remaining question was the enthalpic contribution of solvation ArH®resoivation Of the
complexes. A quantitative investigation of the interactions between water molecules and the complex
was made thanks to the molecular dynamic simulations and cpptraj.

The increased loss of freedom degrees of spermine 1-8 compared to spermidine seem to explain the
difference of entropy between the associations. Regarding the enthalpy, the association in gas phase
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was in favour of the spermine 1-8 complex, while the desolvation of spermine 1-8 was less favourable
compared to spermidine I-14.

iii. Study of the solvation energy of the complexes

Different tools were employed in order to study the influence of water in the associations. As
previously discussed, the grid density of water presence (Figure 3) showed an increased density of at
the lower rims of the spermidine 1-14 complex, accounting for a more favourable enthalpy of solvation.
That could be explained by the disruption of water networks at the lower rim by the external
ammonium of spermine 1-8. As a matter of fact, the spinning move and the jumping salt bridges
prevented from a strong organisation of the solvation spheres in this part of the complex, resulting in
a less favourable enthalpy of solvation for spermine I-8 complex. It has been shown that solvent
organisation is a key contributor to the thermodynamics of protein—ligand recognition?’. The solvation
spheres of the complex with spermine I-8 was slightly more important than spermidine I-14, but the
network was probably less stable in the lower rim area (70 vs 66 water molecules at 3.4 A, 143 vs 136
at 5 A°. Defined as the count of waters within a certain distance of the atoms of the complex). The
slightly higher number of water molecules was coherent with the slightly higher solvent accessible®
surface area for spermine I-8 complex (622 vs 607 A?).

Several packages were developed by the community in order to analyse the thermodynamics of
hydration sites of proteins and ligands®. The decomposition of the global solvation process into local
contributions is a widely employed method to understand the stability of biomolecular complexes®.
Among the available packages, two are based on different approaches and are implemented in cpptraj
tools and were used: SPAM*® and GIST’?,

SPAM! (maps spelled in reverse) finds discrete hydration sites at the water—host interface and
computes a local free energy from the distribution of interaction energies between water and the
environment. SPAM can qualitatively estimate the thermodynamic profile of bound water molecules
and can highlight “hot spots”. The hot spots were determined for the empty receptor I-14. The pictures
highlighted the bound water molecules and particularly showed the presence of a discrete high density
of water molecules inside the cavity. That was coherent with the grid of water presence obtained
previously by grid and average command of cpptraj (Figure 3).

9 Command watershell, cpptraj.
10 Command molsurf, cpptraj.
11 Command volmap and SPAM, cpptraj.
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Figure 10 : Hot spots (blue) of bound water molecules thank to the SPAM analysis. Left: receptor alone, middle:
complex with spermidine 1-14, right: complex with spermine I-8.

The local free energy profile is computed in a specific position if there is a water molecule in this
position at each frame of the simulations. The profiles are obtained by the calculation of the energetic
distribution between water molecules and their environment thanks to a force- and energy
electrostatic term assumed for the bulk. The profiles were expected to give information on the
solvation of the complexes. All the bound water molecules contributed positively and similarly to the
solvation energy of the complexes and empty host (Table 2). It was impossible to discriminate the
complex with spermine 1-8 from the complex with spermidine 1-14 regarding the hot spots at the lower
rims of the complexes in order to highlight a difference of solvation by the SPAM package.

Local energetic

dG (kcal.mol?)

dH (kcal.mol?)

-TdS (kcal.mol?)

parameters
Guest -11.17;-0.66 -2.28;-1.64 -8.985; 1.17
Spermidine 1-14 -9.55;-1.64 -2.43;-1.72 -7.26;0.14
Spermine 1-8 -16.87;-1.38 -3.68; 14.37 -20.83;0.53

Table 2 : Range of the energetic profiles of bound water molecules relative to the bulk around host I-14 and its
complexes with spermine I-8 and spermidine I-14, by SPAM package.

Nevertheless, SPAM provided information on the hot spot found inside the cavity of the host alone.
The hot spot had an unexpected profile (relatively to the bulk): dG: -6.5 kcal.mol?; dH: 14.4 kcal.mol?,
-TdS: -20.8 kcal.mol?. The favourable entropy -TdS of a water molecule inside the hydrophobic
environment of the cavity relatively to the bulk was counterintuitive. As a matter of fact, the water
molecules are expected to be more structured in that kind of environment and become “frustrated”.
Similar situations were found in the literature. In particular, the water filling carbon nanotubes gained
entropy compared to the bulk!®l, The authors of SPAM explained that, in that case of favourable
solvent entropic term relative to the bulk-TdS, the water is trapped in a homogeneous hydrophobic
environment where no orientation preference was imposed, explaining the gain in entropy for our hot
spot compared to the bulk. The enthalpic contribution dH revealed the water molecule was
enthalpically disfavoured in the cavity. That was important to understand the driving forces of the
association between our polycarboxylate disulfide bridge macrocycles with polyamines. That referred
to the definition of non-classical hydrophobic effect.

SPAM is a statistical-mechanics based approach, considering the distribution of interaction energies
between water molecules and its environment at a given site, and the perturbation to this distribution
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upon binding without water-water correlation. Each hot spot is equivalent to a single water molecule
with a distribution function specific to that site but independent of others. At the opposite, GRID is
based on the inhomogeneous solvation theory!®2, In this theory, the water is described in terms of the
translational and rotational freedom degrees. Then, the excess entropy of bound water due to the
translational and rotational restriction exerted by the local environment are extracted. The solute
generates an external field that creates fluctuations around. That formalism led to contrasted entropy
compared to SPAM calculation because of the hypothesis of a uniform translational and orientational
distribution for water in the bulk. For instance, the entropy of solvation of the density inside the empty
host was not described as more favourable compared to the bulk but slightly more unfavourable (Figure
11, left, red). GIST was computed on the empty host and the two complexes. GIST provides a lot of
information, especially the enthalpic solute/solute and water/solute interactions as well as the
entropic orientational and translational contributions on a 3D grid divided in small voxels. Additions
thanks to the GISTPP software’® gave the overall map of enthalpy and entropy of solvation (Figure 11).

Figure 11: Maps of the enthalpy and entropy of solvation obtained by GIST. Green, Etor = -0.00862 kcal/mol.A3,
Red, -TdStot = 0.000585 kcal/mol. A’

Integration of the voxel values over the whole system and combination of the thermodynamic
parameters with the GIST analysis on guests alone enabled an “end of state analysis” i.e. a calculation
of a free energy of solvation for the complexes. The solvation free energy of spermine 1-8 was found
more favourable by -256 kcal.mol. That data was not helpful in order to solve the scenario of the
association between I-1, and polyamines. Given the qualitative results with GIST, it is still not clear if
the expulsion of central water density during the binding with polyamines referred to a classical or
non-classical hydrophobic effect.

The use of these two different tools should be prudent given that their theoretical basis is different.
They could not complement each other but at least give qualitative information. A major improvement
will consist in the use of thermodynamic integration with the FEW utility®®. Compared to MMPBSA, the
thermodynamic values are calculated thanks to explicit solvent and includes entropic contributions.
That can overcome the limitations and the incoherence with experimental data of MMPBSA. It could
also be interesting to estimate the residential time of the water molecules inside the hydrophobic
cavity.

It is not clear if the water density inside the cavity led to classical or non-classical hydrophobic effects.
The two tools GIST and SPAM did not help to discriminate the two complexes on their enthalpy of
solvation, which remained appreciated thanks to the grid of water presence.

d. Conclusion
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The polycarboxylate disulfide bridge cyclophane I-14 showed high affinity for polyammoniums in
solutions, with K, up to 10 M™. The selectivity of the complexation for a series of of a,w-alkyl
diammoniums was governed by the solvation of the complexes and by the desolvation of the guests.
Regarding the binding of I-14 with spermine I-8 and spermidine I-14, the solvation effects are also
discriminant in the selectivity for spermidine I-14, even though the exact picture is not yet depicted.
Spermidine is less charged but was more mobile in the complex, which contributed to the selectivity.
The investigation highlighted the solvophilic effects in the binding process, which is more and more
considered in drug discovery'®. The unprecedent affinity of the receptor for spermine 1-8 led to
biological applications in cellulo, currently under investigation. The formation of heterocyclo-oligomers
that changes the chemical functions of I-14, for both fundamental and applied studies encountered
synthetic issues-during the assembly of the corresponding 1,4-bisthiophenols.

Another modification involving the replacement of disulfide bond into diselenide bonds could find
applications in bioimaging. The diselenide bond is also reversible and can be formed thanks to
irradiation and used in DCC3%1%, The synthesis can be done in the future (Scheme 30). The synthesis is
similar with I-14. The steps are described (selenocarbamoyl chloride formation!%, O-selenocarbamate
formation!®, NKR rearrangement'®’ and deprotection!?’) for similar compounds until the building
blocks. A self-assembly could then lead to a polycarboxylate diselenide bridge cyclophane.
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Scheme 30 : Hypothetic synthetic plan to a diselenol building block

4. Self-assembly of 2,5-bis(mercaptomethyl)terephthalic acid I-15 by iodine or dioxygen oxidation
of thiols into disulfide macrocycles

The aim of this subchapter was to lengthen the bridges between the units of polycarboxylate disulfide
oligomers, expanding the diameter of the cavity of I-1, for instance. The macrocycles will be obtained
by the self-assembly through DCC of 2,5-bis(mercaptomethyl)terephthalic acid I-15, with an additional
carbon between the aromatic core and the thiol compared to I-1 (Scheme 31). Two different oxidants
will be used, oxygen, and iodine and their influence on the self-assembly of I-15 will be studied.
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Scheme 31 : Desired chain modification of polycarboxylate disulfide cyclophanes obtained through self-
assembly of polythiols. Bottom: initial situation, top, chain elongation with a building block I-15 incorporating
an additional carbon between the aromatic core and the thiol function compared to I-1.

b. Additive-directed self-assembly of polythiols and kinetic trap

This bibliographic subpart presents the synthesis of disulfide-based cyclophanes using iodine as an
oxidizing agent and pnictogen additives, nucleating the self-assembling of the polythiols. This synthetic
methodology was the basis of the following experimental work. lodine is known to be an efficient
oxidant for the disulfide bond formation from thiols!®. The reaction is fast and proceeds through the
formation of a sulfenyl iodide group as an intermediate'®. A catalytic version was proposed with
oxygen peroxide through the same mechanism for the obtention of disulfide bond from thiols with
similar rate!'®. Nevertheless, sulfenic or sulfinic acids can also be formed under these condition
depending on the thiol structures, which is the main drawback of the method!!. In particular, the
presence of carboxyl groups at the ortho position of the aromatic thiol ease the overoxidation!!. The
iodine oxidation of thiols can be applied to the dynamic covalent chemistry in order to form the
disulfide bonds faster than the thiol-disulfide equilibration, or to obtain kinetically controlled DCLs
(Scheme 32). For instance, a family of receptors 1-16-18, of carboxylates based on bis-thiol dipicolinic
amides was obtained by oxidation of thiols to disulfides by iodine in a mixture of DCM and MeOH?2,
The proportion between the different cyclo-oligomers 1-16-18, could be controlled following the
experimental procedure. Indeed, an addition of iodine into a concentrated solution of 1-16-18 was in
favour of larger oligomers (n = 3 — 7), while an addition of the building block into an iodine solution
gave small oligomers (n = 0, 1, 2). The distribution could then be controlled thermodynamically by
virtue of the disulfide bond exchange induced by a catalytic amount of thiolate coming from basic
conditions®®3,

R  SH R sfs R ]
o 7~ o /| X g

NH NH HN

| —
— DCM/MeOH —

NH NH HN
° M o |70

R  SH R StS R _

n=0to7
R = H I-16', CONHBn I-16, CONHnBu 117 R=HI-16',(n=0to7),

CONHPh I-18 CONHBn I-16,, (n = 0 to 3),

CONHnBu I-17,, (n = 0 to 3), CONHPh I-18,,(n = 0 to 3)
Scheme 32: Oligomerisation obtained by oxidation of thiols I-16-18 with iodine into disulfide bonds I-16-18n.
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Recently, a pnictogen and metal-assisted self-assembly of benzylic bis/trithiols with iodine oxidation
of thiols efficiently promote the isolation of a family of disulfide cyclophanes (Scheme 33)'*. This
method led to a variety of large organic cages and to highly strained cyclophanes, which was
remarkable and difficult to obtain through conventional synthesis (Scheme 34). In fact, the yields after
isolation were very decent. The small oligomers as 1-195 could be easily obtained with a yield around
30 %. The dimer 1-19, could be isolated with a yield up to nearly 70 %. The larger oligomers like 1-195
had lower yields, above 10 %. The oxidation of thiols with iodine took place in an organic media and in
presence of pnictogen additives such as AsCls and SbCl3'***¢, The additives prevented the formation
of undesired polymers by nucleating the cyclo-oligomers by cation-mt interactions!>. These toxic salts

116 Many other additives such as Zn(ll) or Ca(ll) salts were unable

could be replaced only by Cu(ll) salts
to promote the formation cyclophanes ¢, In another article, the dimer of benzylic thiols was obtained
similarly without the use of any salt'®®. Other chemical oxidants such as NBS and m-CPBA mainly
produced polymers and insoluble species or oxidised the thiols beyond the disulfides''*. The
minimisation of the distortion of the resulting disulfide bonds influenced the macrocyclic distribution

during the self-assembly of these polythiols.

HS HS HS
R R
HS
SH SH
SH R
1-19 123 SH SH
R = H 1-20, OMe 1-21, .24
Ethyl I-22 -

HS

SH
HS X Xx
|
I-25 N
HS SH

X=CI-26, N 1-27

Scheme 33: Example of building blocks used for the self-assembly by iodine, directed by Pnictogen additives

1-19;, AsCls, |,, toluene, 1-195, SbCl; (6 %)
DCM from 1-19, 30 % or CuCl, (4 %), 1,,CHCI; from 1-19
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Scheme 34: Example of self-assembled cyclophane by iodine, directed by pnictogen additives. Structures
obtained thanks to the CCDC database'” and Chimera software®s,

i
S
SH a) S
HS > s —
1-19 /s\/©) S !
S
119, 1-28

Scheme 35: Examples of a sequence including self-assembly with iodine and pnictogen additives, sulfur
extrusion and desulfurization a) I2, SbCI3, CHCls, r.t., 45 %; b) HMPT, CHCIs, r.t., 82 %, c) Mel, base, r.t., no yield
provided*4

1-20,, 29/22 % SbCl or CuCl,, I, SUMFExsdsion {

.CHcl;frorh 1-20 HMPT in CHCl,

1-30,94 %

) \ 1-28,82 %

1-19,
45 % SbCl,, 1, ,CHC, from I-19

Scheme 36 : Examples of sulfur extrusion from self-assembled cyclophanes obtained by iodine and pnictogen
additives. Structures obtained thanks to the CCDC database'!” and Chimera software*s.

Furthermore, these disulfide cyclophanes could be covalently trapped by a non-reversible sulfur
extrusion process!**<11® The reaction occurred at room temperature, giving thioether cyclophanes
with high yields thanks to the desulfurizing agent HMPT (Scheme 36). The phosphoramide removed a
sulfur atom from the disulfide bond and therefore decreased the strain in the cyclophane. Indeed, the
thioether linkages had more degrees of freedom compared to the oriented disulfide bond which
adopts an ideal angle of 90° in order to minimise the repulsion between the sulfur electronic lone
pairs’'®. The method was illustrated with the self-assembly of 1-19 and its sulfur extrusion (I-28).
Besides, the thioether linkages could be further desulfurized (1-29) thanks to methylating agent and a

base, or a sequence with butyl lithium and Borch’s reagent!'%,

A variety of disulfide macrocycles could be obtained by oxidation with iodine from benzylic thiols. These
cyclophanes could then undergo a desulfurization process.

c. Synthesis of benzylic building blocks

This subpart presents the synthesis of the 2,5-bis(mercaptomethyl)terephthalic acid I-15, which is the
elongated version of 1,4-bisthiophenol I-1. A 4-step synthesis starting from commercial I-31 led to the
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I-35 analogue of I-1 (Scheme 37). Firstly, an esterification'?° enabled to protect the carboxylic acids into
methyl esters in I-32 with a satisfying yield of 99 %. Then, a Wohl-Ziegler radicalar bromination'?! gave
1-33 with a yield of 87 %, which was coherent with the reported 85 %. This reaction usually involves
enriched aromatics?? and hence was herein slow. A nucleophilic substitution with thiourea led to 1-34
quantitively!®, 1-33 should be introduced slowly in the presence of thiourea, because a nucleophilic
substitution between the intermediate and thiourea took place. Finally, the basic hydrolysis of the
thiouronium salt'?* 1-34 gave the desired product 1-15 with a moderate yield of 57 %. The 4-step
synthesis was achieved with a satisfying yield of 48 % at a gram scale. Furthermore, an analogue 1-37
of I-15 and its linear dimer 1-37, were synthesised through the same procedure in order to explore the

optimal conditions of sulfur extrusion (Scheme 38).

COzH COZMe COZMe
a) b) Br c)
— — Br —

COzH CO2Me CO2Me
1-31 1-32 1-33

COzMe NH COzH

d
S~ “NH, ) SH
H,N_ S > s
NH COzMe COzH
1-34 1-15

Scheme 37: Synthesis of I1-35 a) SOCl2, MeOH, reflux, 16 h., 99 %; b) NBS, AIBN, DCM, reflux, 16 h, 86 %; c)
thiourea, MeOH, r.t., 16h., 99 % ; d) KOH, MeOH/H-0, reflux, 2 h., 57 %

The bromination??! of 1-32 gave I-35 with an excellent yield of 92 %. The thiourea moiety was then

123 \ith a moderate

successfully introduced in 1-36 thanks to a nucleophilic substitution with thiourea
yield of 68 %. Finally, I-37 was obtained in basic conditions'?*. The global yield is 39 % in 4 steps and
was comparable to the synthesis of I-15. Then, oxidation of thiols with iodine in methanol!? gave the

disulfide dimer 1-37, with a satisfying yield of 70 %.

CO2Me COzMe COzMe

/@/ /@/\ /@/\ c )
COzMe COzMe COQMe
1-32 1-35 1-36
CO,H
COH
CO-,H
COzH 2 CO,H
1-37 1-37,

Scheme 38: Synthesis of 1-372 a) NBS, AIBN, DCM, reflux, 16 h, 92 %; b) thiourea, MeOH, r.t., 16 h., 68 %; c)
KOH, MeOH/H:0, reflux, 2 h., 67 %; d) 1., MeOH, 5 mn, 70 %
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The polycarboxylate disulfide-bridge cyclo-oligomers are characterised by a relative stability in
aqueous media in the absence of template. Their disulfide bonds can be cleaved or oxidised even in
mild conditions!?. Their transformation into a thioether bond by sulfur extrusion was envisioned to
our family of polycarboxylate disulfide cyclophanes. This sulfur extrusion was studied on this dimer by
another PhD student®?, with contrasted results in the conditions tested. The literature reports that
the sulfur extrusion could be driven by a strain release3®'% which was not the case from our
unconstrained linear substrate 1-37,. A cyclic model should be used to find optimal conditions.

Two new building blocks were synthesised. They were elongated analogues of I-1, bearing two
carboxylates and benzylic thiols instead of thiophenols.

d. Self-assembly by aerobic oxidation

The aim of this subpart was to study the self-assembly of I-15 with or without I-1 in aerobic conditions,
in order to form disulfide hetero- and homo-oligomers. The building block I-15 was dissolved between
2-10 mM in aqueous buffers (ammonium acetate or Tris 200 mM, pH 7.4-10). The mixtures were left
open, stirred and analysed by UPLC and LC/MS. The details of the conditions are given in appendix
(Appendix I-1l: Additional conditions of reactions).

CO,H
CO5H CO,H \(\
CO,H
HS HS O, template S 2
+ sy LT b S%S
n
SH Buffer, r.t., 72 h COH Sa/
CO5H CO,H m
CO,H
1-1 1-15

Scheme 39: Desired formation of disulfide bonds during DCLs between I-1 and I-15 with templates and oxygen
as oxidants

The total area usually was a metric of the quantity of matter of polythiols and their corresponding
oligomers in our DCLs, because of the additive Beer-Lambert law, linking the intensity of the
absorbance with the quantity of matter of each compounds following their molar extinction coefficient
A%, 1n a DCL composed of one building block, we applied the hypothesis that each compound had the
same A given that their chemical moieties involved in the absorbance were not changed by the
oligomerisation. In the case of a DCL involving I-1 and I-15, the concentrations of the macrocyclic
products formed were obtained from their corresponding HPLC-UV peak areas after determining the
effective absorption coefficients of the two building blocks.

Firstly, the dissolution of I-15 at 4 mM in Tris buffer (200 mM, pH 7.4) led to a variety of disulfide
cyclophanes, including up to 10 monomeric units after 72 hours with different diastereoisomers of the
same sizes (Scheme 40, Scheme 41). The kinetic of disulfide bonds formation was slow compared to I-1
in the same conditions!®%, In fact, full consumption of the starting material required one week,
compared to one day for I-1. During the first hours, a cyclic dimer was formed, followed by a cyclic
trimer and then by higher sizes of cyclophanes.
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Scheme 40 : Evolution of I1-15 (4 mM) in Tris (200 mM, pH 7.4), method B. n = disulfide macrocycle containing n
units, 1 = starting building block
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Scheme 41: Building block and macrocycle evolution of I-15 (4 mM) in Tris (200 mM, pH 7.4), method B. n
disulfide macrocycle containing n units, 1 starting building block, L linear.

These species were stable in the media and are not degraded after one week. Nevertheless, a
precipitate and a progressive loss of UV signal in HPLC was progressively observed over 72 hours. This
might be attributed to the formation of linear polymers which was reported for similar benzylic

bisthiols oxidised with oxygen!42,

In addition, other minor constituents of the DCL were identified. Sulfones, sulfenic and sulfinic acids
were detected. The overoxidation of thiols occurred on the building blocks but also on small linear
oligomers. Furthermore, unexpected small species bearing trisulfide, thioether and alkene bonds were
also identified (Scheme 42). They could be detected only in UPLC because of their very low amounts.
The sulfur extrusion has never been reported as a spontaneous process and required reagent such as
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HMPT with similar bisthiols!'**<11¢_Cyclic oligomers suffering from oxidation of their disulfide bridges
were observed. This overoxidation might facilitate the sulfur extrusion by a SO, release, as described
in the literature!?. This DCL illustrated the accessible molecular diversity from a simple building block
by DCC.

CO,H

(@jozc
CO,H
CO,H
CO,H
1-42 HO,C /,@/\
1-44 CO,H

HO,C

1-43

Scheme 42: Examples of trisulfide 1-42, thioether 1-44, and alkene bonds I-42 found in small oligomers of I-15
during the experiment of DCC at 4 mM in Tris 200 mM pH 7.4, detected by LC/MS

Templated libraries were generated by the dissolution of 0.25 equivalents (1 mM) of I-15 at 4 mM in
Tris buffer 200 mM pH 7.4. Polyamines were screened as well as some metallic salts (Scheme 43). The
results are summarised in the next figure (Scheme 44). The analysis was done after one week of stirring,
in order to observe the influence of the templates on the conversion of I-15 as well as the amplification
of macrocyclic products.

The kinetic of the templated DCLs was similar to the DCL without template. The details are available in
appendix (Appendix I-V: Additional data of the DCLs for 1-15). A variety of relative proportions between
macrocycles were observed. Some templates gave a similar distribution than the DCL without
templating: 1-105¢, 1-45, 1-46, 1-48, 1-54, 1-56, 1-59, 1-60 and I-63. Other templates decreased slightly the
kinetic of consumption of the starting building block 1-15 without change in the distribution of
macrocycles: I1-71-47, 1-53 and especially I-61, 1-62 and I-64. The last three led to an impressive decrease
of the consumption of I-15 of only 30 % after one week. Some templates amplified a cyclic trimer: I-
49, 1-50, 1-55, I-57, 1-58 and especially I-65. Some templates amplified a cyclic dimer: I-51 and I-53. |-
52 increase the kinetic of consumption of the starting building block I-15 without change in the
distribution. 1-66 amplified a cyclic hexamer. An important number of templates led to a loss of UV
signal in HPLC, which might be due to a polymerisation.

These amplifications were difficult to rationalise. The metallic salts could prevent from an
oligomerisation by a binding with I-15. Regarding the templates leading to no amplification, there were
all cationic in aqueous solutions. It was highly probable that they interacted with I-15 and its oligomers
by electrostatic interactions or salt bridges without discriminant stabilising interactions. The
amplification of a cyclic dimer might result from a stabilisation of the dimer not by an inclusion complex
given that the dimer was too small to fit a guest. Regarding 1-66, a cyclic hexamer might be particularly
adapted to accommodate one or several template molecules. Similarly, the amplification of cyclic
tetramer might result from a particularly stable inclusion complex with the templates. Nevertheless,
there was no proofs.
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Scheme 43: Templates used for DCLs of I-15. Blue: no amplification of macrocyclic products. Orange: decrease
of the rate of I-15 consumption without change in the distribution. Green: amplification of a cyclic trimer. Red
amplification of a cyclic dimer. Yellow, increase of the rate of I-15 consumption without change in the
distribution. Purple: amplification of a cyclic hexamer
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Scheme 44: Evolution of the macrocycle proportions by templating the DCLs of I-15 (4 mM, Tris 200 mM, pH 7.4,
template at 0.25 eq), after one week. 1: building block, n cyclic oligomer with n units.

The DCLs were analysed at one week. However, it was clear that there was still I-15 in a majority of the
DCLs. Therefore, the analysis should be done later, around two weeks in order to better appreciate the
amplification.

The influence of the building block concentration was studied in the case of a DCL formed from I-15
templated by I-7. The kinetics of I-15 disappearance was not increased by higher concentration of I-15
from 2 to 10 mM (Appendix I-V: Additional data of the DCLs for 1-15). Regarding the influence of the
pH, 1-15 was slightly quicker consumed at pH 9 and 10 rather than at pH 7.4 in a DCL with I-7 (see
appendix). This was expected as the disulfide bond formation is catalysed in basic conditions!?,
Another buffer, ammonium acetate (200 mM, pH 7.4) decreased the kinetic of I1-15 consumption. The
linear dimers and trimers could be observed, and the UV intensity also decreased during the DCL. Thus,
this buffer did not help to prevent from the supposed polymerisation. Finally, the dissolution of I-15 at
2 mM with I-1 at 2 mM in aqueous buffers was explored in order to create hetero-cyclophanes (Scheme
45).
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Scheme 45 : Self-assembly of I-15 and I-1 through DCC by disulfide bond formation in order to obtain
heterocyclo-oligomers

In both Tris and ammonium acetate 200 mM pH 7.4, without template, the HPLC peak areas of both
building blocks vanished in 24 hours without an apparition of other signals (Appendix I-V: Additional
data of the DCLs for 1-15, Figure 17). The same conditions with templating by 1 mM of spermine 1-8
avoided the quick consumption of I-15. After 2 days, the only macrocyclic products were homocyclo-
oligomers of I-15 (I-153, I1-15,5 and I-155). We hypothesised that these homocyclo-oligomers might form
stable inclusion complex with spermine 1-8. It was unexpected, given that I-14 had a high affinity for
spermine I-8. A control of the DCL by *H NMR might show if homo-oligomers of I-1 are formed during
the DCL.

The dissolution of I-15 at 4 mM in Tris buffer 200 mM pH 7.4 led a variety of homocyclo-oligomers. The
presence of templates at 1 mM led to important variation on the distribution of macrocyclic products.
A decrease of the total area under peaks was probably due to a competition of the oligomerisation with
polymerisation. The formation of heterocyclo-oligomers between I-15 and I-1 was not obtained.

e. Switch between thio-Michael addition and disulfide exchange

The aim of this subpart was to turn from oxidative coupling between polythiols to coupling between
dinucleophiles and dielectrophiles, using thio-Michael addition and disulfide exchange in order to
obtain alternated hetero-oligomers.

Antiparallel chemistry consisted of the channelling of one functional group into one of two reversible
reactions following a controlled parameter!?, The disulfide exchange and thio-Michael addition were
the chosen reversible reaction while the oxidant quantity was the parameter enabling the reversible
switch between the products of the two reactions. The thiol was the common functional group. For
instance, the reported system (Scheme 46) can be reversibly converted thio-Michael adducts, mixed
species and disulfides!?® by means of oxidation and reduction.

Inspired by the previous examples, the method was envisioned for 1-1 and 1-15. Thio-Michael adducts
I-78 and 1-79 were obtained by a nucleophilic attack of thiols on but-3-yn-2-one 1-77'2°1% with
satisfying yields of 76 % for 1-1 (I-78) and 40 % for 1-15 (I-79) (Scheme 47). Then, the thio-Michael
adducts were combined with the bisthiols (Scheme 48, Table 3).
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66



o ©)
J)k _
SH | S

O SH 0O o S 0O
HO + HO HO HO
OH OH OH OH
H
SH O HS 0) rS 0] s 0)
1-1 1-15 \H) g\
o I-78 \Al\
0]

Scheme 48 : Members of the assays for dynamic thiol exchange with thio-Michael addition

Entry I-1 1-15 1-78 1-79 Conditions
1 0 % oxidation
2 5mM / 5mM / 50 % oxidation
3 100 % oxidation
4 0 % oxidation
5 / 5mM / 5mM | 50 % oxidation
6 100 % oxidation
7 0 % oxidation
8 2.5mM 50 % oxidation
9 100 % oxidation
10 | 10uM / 10 uM /
11 / 10 uM / 10 M | DMSO-dS, EtsN
12 5uM

Table 3: Set of conditions for the assays of antiparallel chemistry involving two bisthiols and their corresponding
thio-Michael adduct with I-77. The oxidation level was obtained by mixing an adequate degassed solution of
sodium borate (oxidant) with degassed DMSO and degassed stock solutions of building blocks.

The experiments were first run in a degassed phosphate buffer (100 mM, 7.8) but due to a poor
solubility of the mixture, degassed DMSO was added at a volume ratio of 1:1. The oxidation levels were
controlled by the concentration of oxidant sodium borate dissolved in stock solutions of phosphate
buffer. All the solutions were degassed, avoiding the presence of oxygen. The only oxidant was thus
sodium borate. The mixture was analysed by ESI-MS analysis and HPLC during 72 h. For oxidation levels
set at 0 % (ie no sodium borate) (entries 1, 4 and 7 Table 3), no disulfide bridge was formed, which was
logical. Nevertheless, only the building blocks were detected. The formation of dithianes by thiol-
Michael addition was not observed, that was unexpected because of the supposed strong
nucleophilicity properties of the thiols. Nevertheless, the presence of carboxylates at the ortho
position of the thiol might prevent from the nucleophilic addition, compared to the meta positions of
the reported example. Regarding the oxidation level set at 50 and 100 % (ie half stoichiometric and
stoichiometric amount of sodium borate regarding thiols) (entries 2, 3, 5, 6, 8, and 9 Table 3), the results
were also unexpected. For I-1, no mixed species were observed and only I-1; and I-13 were detected
(ESI-MS analysis and HPLC). No overoxidation of thiols into sulfinic or sulfenic acids were detected at
100 % of oxidation level. The conditions might be optimised, for instance with higher concentrations
of species and in pure organic media.
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Another condition of reversible covalent bond exchange between B-sulfido-a,B-unsaturated carbonyls
and dithianes, involving DMSO and DIPEA as catalyst, was used*°. The composition de of libraries were
monitored by ESI-MS analysis, HPLC and *H NMR. Homo dithianes of I-1 and I-15 were observed by ESI-
MS analysis, at the opposite of hetero and mixed species. Referent dithianes of I-1 was made by
nucleophilic attack of I-1 with 1-78 in DMSO and by activation with Fe(lll)3* and was not isolated
(Scheme 49). At this point, the conditions were not further optimised to obtain an efficient coupling
between dielectrophiles and dinucleophiles into alternated hetero-oligomers. The concentrations
might be to low (LM) and should be increased.

O HO.__O HO._O
\QHS HS FeCl,
Swj\ ' SH DMSO, 60 °C, 16 h.
0~ OH O 0~ "OH
8

-7

T

1-1

OH
O HO__O SH
O HO._O | SH o)
\iﬂs S o, OH S S ©
s)j/\ OH o) S 8)1\ O
o)
H H
0“OH O S ©” OH ©

1-80 1-81
Scheme 49 : Formation of referent homo dithianes from 1-78 and I-1

Thio-Michael adducts of I-1 and I-15 and but-3-yn-2-one were efficiently prepared. The nucleophilic
attack of I-1 and I-15 with dielectrophiles such as these adducts was surprisingly not spontaneous in
aqueous mixtures at millimolar concentrations.

f.  Thiol oxidation of 2,5-bis(mercaptomethyl)terephthalic acid I-15 with iodine

The aim of this part was to study to apply the reported thiol oxidation by iodine (Scheme 50).

S { Differences }» —
/ HS N
COH

Thermodynamic Self-assembly (O,) Self-assembly (1,) N
DCL * HO,C > Kinetic DCL
Aqueous buffers H DCM/MeOH

1-15

Scheme 50: Application of the reported method of thiol oxidation to disulfide bond by iodine compared to
oxidation with oxygen

The self-assembly of 2,5-carboxylate-1,4-phenylenedimethanethiol 1-15 into disulfide bridge
cyclophanes by oxidation of thiols into disulfide bonds by iodine was explored. The aim was to compare
the composition of a DCL of I-15 obtained by slow oxygen oxidation with a DCL obtained by oxidation
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with iodine. Discrete disulfide cyclophanes were formed in a mixture of DCM/MeQH08112114ad Hftar
5 mn of slow addition of a concentrate solution of iodine into a 20 mM solution of 1-15. LC/MS analysis
revealed the identity of the two formed macrocycles. A cyclic dimer and a cyclic trimer represented
respectively 91 % and 9 % of the crude mixture (HPLC) (Scheme 51). The addition of Cu(ll), Eu(lll) and
Zn(ll) salts at 0.5 eq did not modify the proportion of trimer 1-153 and dimer I-15,. Other solvents such
as aqueous buffer and pure methanol or ethanol led to complex mixtures.

The difference between the DCL with iodine in DCM/MeOH and the DCLs with slow air oxidation in
aqueous buffers (containing cyclic-oligomers with up to 10 units) was remarkable. That highlighted the
role of the rate determining step. In fact, regarding oxidation with iodine, the rate determining step
was the thiol-disulfide exchange while it was the oxidation of thiols into disulfide bond in the case of
oxygen. Given that iodine was added in excess, the members of the DCL could equilibrate for a very
short time until full consumption of the thiols.

600
2,91%
500

400 l,

300

Intensity (mAu)

200 3,9%

100 HS

CO,H

0 5 10 15 20 HOL

Retention time (min) SH
1-15

Scheme 51: Mixture composition of the DCL involving I2 and I-15, after 5 mn, method B, 2 cyclic dimer, 3 cyclic
trimer

The macrocycle 1-15, was then isolated by a template-free spontaneous precipitation without further
purification with a satisfying yield of 61 % compared to I-14 obtained by templating followed by
precipitation induced template removal. I-153 could not be isolated. A separation by preparative HPLC
could help to isolate the trimer. I1-15, was stable over two weeks (longer times were not analysed) in
aqueous solution and in organic media.

Oxidation with iodine gave discrete disulfide cyclophanes without salt additives. Among them, the cyclic
dimer 1-15; was isolated.

g. Study of the dimer properties

The dimer I-15, was studied by crystallography and evaluated for its host guest chemistry in this
subpart.

i. Crystallographic structure

A suitable crystal for X-ray diffraction was obtained by slow diffusion of CHClsin a solution of I-15; in
DMSO (Scheme 52). The dimer crystallised in a Pba, orthorhombic structure. The molecules stacked
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through aromatic interactions in the crystal (Scheme 53). The distance between two nearest aromatic
centroids was 3.795 A, likewise to similar cyclophanes!*>. the overlap between two neighbouring

sulfur atoms was 4.488 A and hence too far to suggest an intermolecular S-S interaction. That was at
114d

the opposite of one example!'* and similarly to another one!'#2,

Scheme 52: X-ray structure for I-152, snapshot from Mercury software?*?

Scheme 53: Packing unit for I-152 crystallographic structure snapshot, from Mercury software!3?

The solid state was driven by a porous packing arrangement despite the destabilising electrostatic
interactions between the carboxylic acids. The dimer co-crystallised with a DMSO molecule, but not in
the pores of the macrocycles. That led to an unfavourable void space formed by the extension of the
pores along the crystal, explaining the high disorder observed for this X-ray structure. The size cavity
was 3.704 A. The C-5-5-C torsion angle of the disulfides bonds was 115.02° and substantially deviated
from the theoretical angle (90°)!¥°. The disulfide bond adopted a highly strained conformation. Such a
strain could come from the electrostatic repulsion between the carboxylic moieties. In fact, a similar
dimer without these carboxylic acids showed a deviation in a lesser extent!'4d, Only 20 nearby
structures were identified with torsional angles around 115° in the Cambridge Crystallographic
Database (Scheme 54). Most of them appeared as bridging units in cyclic structures. Such important
strain caused a slight deviation of the methylene carbon from the benzene plane (172.64° and 172.38°).
The aromatic rings were co-planar and adopted a face-to-face orientation, which was common in
paracyclophanes and decreased the strain!®. Indeed, arenes oriented perpendicular to the macrocycle
plane and the methylene protons were located along the macrocyclic equator. The structure was quite
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similar to ones obtained by the Johnson’s group*¢!14 According to the configuration and
conformation descriptors®#11° this dimer is (pR), and PP. A more precise description of these
descriptors are given in a next part (Structural properties of ). I-152 could be assimilated to a highly
strained cyclophane, a subfamily showing particular structural and physical properties®*.

n [Value in query: 115.018°

=)

Mumber of hits

" 5 Torsordige | * s m

Scheme 54: Statistical repartition of torsion angle for C-S-S-C in CSD (snapshot from Mogul software?®,
14/03/18)

A DFT optimisation (DFT) gave similar energy without significant differences for all the possible
conformers (Appendix |-VII: DFT data for 1-15;). The (pR). PP diastereoisomer may be the unique to
crystallise, and some others could remain in solution, or it could be the unique formed by the iodine
oxidation. The conformational exchange barrier was 11.9 kcal.mol between the pR2 PP to a pR2 PM,
which was a relatively low energy. The X-ray structure showed that the cavity was unambiguously short
and did not contain a solvent molecule. Nevertheless, its properties of host guest chemistry were
investigated.

A crystallographic structure revealed a highly strained structure with an unusual C-S-S-C torsion angle
in the solid state.

ii. Binding of lithium and amines with I-15,

The binding of 1-15, with lithium ion and amines was investigated by means of ITC and *H NMR. The
titration of a 1 mM solution of 1-15; by lithium chloride was conducted in water and followed by *H
NMR (Scheme 55). No shift of the signals of aromatic protons were observed, proving that there was
no deformation of the shape of I-15, upon LiCl addition.

Regarding the titration of a 2.5 mM solution of 1-15, by lithium in Tris buffer 200 mM pH 7.4, the
sigmoidal factor'®*® was 4, under the acceptance criteria (5-1000) (Table 4). In addition, the error on the
association constant was 34 %, superior to the commonly accepted value of 20 %. Thus, there was no
clear complexation between Li* and 1-15,"2.

12 Titration experiment of 2.5 mM I-15z2 with LiCl was carried at 298 K on a Malvern ITC200 microcalorimeter.
Under these conditions, the quantification of a binding event is limited to affinities that are superior to 1/[(4-
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Scheme 55: 1H NMR spectrum of the addition of lithium chloride on a solution of 1-152(1 mM, pH adjusted D20
7.4 with TMSP)

N (1:1 model) 0.916 +/- 0.066

K (L/mol) 2.09 103+/- 715
AH (cal/mol) -16.57 +/- 1.766
AS (cal/mol/°) 15.1

Table 4 : ITC data from 1-152(2.5 mM) and LiCl (25 mM) in Tris buffer 200 mM pH 7.4

Solution of 1-15, (1-2.5 mM) were titrated by various amines in Tris buffer 200 mM pH 7.4. Regarding
butadiamine 1-104, the sigmoidal factor was low (0.640) and the error on the association constant
important (58 %)*3. The titration of 1-15, (1 mM) with spermine 1-8 had a low sigmoidal factor of 5 but
a reliable association constant (19 % error). The titration of 1-15; (1 mM) with spermidine I-14 had a
low sigmoidal factor of 2 and a quasi-reliable association constant (21 % error). For both polyamines,
the binding was weak and non-selective.

8),] ~ 4.102 M-l (Kd > 0.4 mM). See: https://cmi.hms.harvard.edu/files/cmi/files/microcal-itc200-system- user-
manual.pdf

13 Titration experiments of 1/2.5 mM I-152 with amines were carried at 298 K on a Malvern 1TC200
microcalorimeter. Under these conditions, the quantification of a binding event is limited to affinities that are
superior to 1/[1-152] ~ 103 / 4.102 M-:l (Kd > 1 / 0.4 mM).
See: https://cmi.hms.harvard.edu/files/cmi/files/microcal-itc200-system- user-manual.pdf
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Licand Spermine I-8 | Sperminel-8 | Spermidinel- | SpermidineI- | Butanediamine
igan
& (10 mM) (25 mM) 14(10mM) | 14(25mM) | 1-104(10 mM)
0.938 +/- 0.360 +/-
N (1:1 model) | 0.902 +/-0.04 | 0.900 +/- 0.04 / 0.618 +/-0.06 /
0.051 0.248
5.02 103 +/- 2.74 103 +/- 5.16 103 +/- 1.36 103 +/- 1.90 103 +/-
K (L/mol)
998 541 1.24 103 291 1.11 103
-181.1 +/- -203.8 +/- -129.7 +/- -446.0 +/-
AH (cal/mol) / / / / -82.2 +/-66.7
11.6 12.3 10.7 53.5
A 16.3 15.0 16.6 12.8 14.7
(cal/mol/°) ' ' ' ' '

Table 5: ITC data from 1-152 (1.0 or 2.5 mM) and various amines (10 or 25 mM) in Tris buffer 200 mM pH 7.4

A weak and non-selective binding was observed by ITC between spermidine I-14/spermine I-8 and I-
15,

iii. Post functionalisation of 1-15, by amide bond formation

The reaction of the free carboxylic acids of the dimer I-15;, with various amines was explored in order
to introduce new chemical functions on the cyclophane. Various amines were tested (Scheme 56). The
amines were introduced with one or 4 equivalents of HCTU in DMF for 16 hours. Three examples of
amide bond formation on 1 to the 4 carboxylic acid positions of 1-15, were observed by LC/MS with
one equivalent of HCTU. In the case of Nj,N;-dimethylethane-1,2-diamine 1-89, increasing the
equivalent of HCTU to 4 led to a mixture containing the species bearing one, two and three amide bond
respectively, the conversion into tri-functionalised cyclophane 1-87 was 44 % (HPLC). A semi-
preparative chromatographic purification failed to isolate the products for further characterisations.
These results paved the way for an optimisation of the reaction and of the isolation of the
functionalised macrocycles.
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Scheme 56: Examples of side arm introduction by amide bond formation on I-15,



The strain release drove the sulfur extrusion on similar cyclophanes!**® and was logically investigated

on I-15,. Even harsh conditions such as dissolution of 1-15 in HMPT and reflux during 16 hours!#

were
unsuccessful to extrude sulfur atoms (Scheme 57). The mixture was analysed by ESI-MS analysis. No
conversion was observed. The access to the disulfide bonds may be difficult for the reagent. In
addition, the corresponding thio-ether could be too small and constrained. The benzylic ring will be in
close contact. The Johnson’s cyclophanes were less constrained and consequently could benefit from

sulfur extrusion®'#2.

CO,H CO,H
s—s S
Co, HMPT (1/50 eq) cO
o ~
CHCI,/DMSO, r.t./reflux
S_ 2 3 4 ’ COZ
16 h. S
CO,H CO,H
115, 1-90

Scheme 57: Sulfur extrusion assays for 1-152

Besides, 1-15; and I-14 were mixed with DTT® in order to partially open the disulfide bridges and
combine the two macrocyclic structures. The DTT only opened I-1; which was later reformed (Appendix
I-l: Additional conditions of reactions). Furthermore, a solid state DCL catalysed by DBU**“ and a small
amount of I-1 with the two macrocycles was tested without any combination of the two structures
into new heterocyclo-oligomers.

Examples of functionalisation were validated on the carboxylic acids of I-15,. Nevertheless, no sulfur
extrusion could be performed. The different oxidoreduction properties prevented from a combination
of I-1, and I-15;.

h. Conclusion

Two new building blocks were synthesised in few steps with satisfying yields. 1-15 self-assembled upon
air oxidation into a variety of species, including mainly cyclic oligomers but also in few proportions
unexpected species such as trisulfides, thioethers and alkenes. An important loss of total area under
peak in HPLC indicated probably a polymerisation in competition with the oligomerisation. That
highlighted the undesired paths occurring in DCL based on disulfide exchange. In addition, appreciable
amplification of homocyclo-oligomers of I-15 were obtained by templating. The use of iodine as
oxidant of 1-15 thiols led to a cyclic dimer and trimer. The cyclic dimer 1-15, was isolated with a
satisfying yield and crystallised, showing an usual strained architecture. Its cavity was too small to
accommodate a polyamine or a lithium ion but could be used for further functionalisation. Attempts
to obtain heterocyclo-oligomers with I-1 were pointless, by both DCC with O, and antiparallel
chemistry. In fact, the nucleophilic attack of Michael’s adducts of I-1 / I-15 and but-3-yn-2-one did not
occur spontaneously under reported conditions (millimolar concentrations, aqueous mixtures) which
should be optimised. The study highlighted the difference of behaviour in DCC between two nearly
building blocks, I-15 and I-1, and the difficulty to obtain hetero-oligomers.
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Scheme 58: Summarize of the self-assembly properties of I1-15

5. Separation of the thiol and the carboxylate moieties in a dithiophenol tetra carboxylate building
block

The aim of this subchapter was to study the self-assembly through DCC of building block based on 1,4-
bisthiophenols including a spacing unit between the carboxylic acids and the thiol moieties. The
building block 1-105 contained especially an octahydro-anthracene aromatic core, incorporating two
methylene bridges. During the formation of cyclo-oligomers, the faces of I-105 were expected to be
closely in contact because of its bulk structures. That would result in a self-assembly that would be
possibly influenced by the interactions of the methylene bridges inside the cavity of the corresponding
oligomers.

COLH
N Ho,” coH

Figure 12 : Expected interactions between the monomers of self-assembled disulfide cyclophanes from 1,4-
bisthiophenols. Left, macrocycles from 1-105 (arbitrarily represented with two orientations inside the cavity
regarding methylene bridges), with higher distance d between carboxylate and sulfur compared to I-14 (right).
The methylene bridges would be in close contact, involving a steric attraction or repulsion (red), while
electrostatic interactions (blue) were predominant between the monomers of I-1a.
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Compared to the self-assembly of I-1, highly influenced by the electrostatic contributions of the
carboxylates, the DCL of 1-105 was supposed to be influenced by steric effects and non-covalent
interactions such as Keesom, Debye and London forces, which are usually poorly considered for the
design of receptors and in fundamental studies. Following the orientation of the methylene bridge
inside or outside the cavity of 1-105 macrocyclic species, either the methylene bridges will be
responsible for steric hindrance or they will stabilise the overall structures. As a matter of fact weak
non covalent interactions such as London forces!® can be responsible for the stability of crowded
molecular architectures. As instance, they explain the boiling point of alkanes'*® and play a part in DNA
stability'*, Regarding I-14, the desired corresponding macrocycles from 1-105 will differ from the height
of their cavity. In order to study the influence of steric effects in the self-assembly of I1-105, DCLs were
studied by LC/MS and *H NMR, supported by modelling by DFT (Scheme 59).

< _Q s s SH
COH J— HO,C I COzH HO,C I COsH
TR e e B N - Do = o m
COH e HO,C | coH HO,C \ COH
S SH
HO,C *
n

[EH

Scheme 59: Goal and methodology in the subchapter. Synthesis of an aromatic and sterically crowded bisthiol
containing carboxylic acids, self-assembly upon DCC and rationalisation of the process thanks to DFT.

a. Overview of London dispersive interactions

This bibliographic part provides key elements about London interactions. The non-covalent
interactions could be divided into an electronic and a Van der Waals term!* (eq. 1). The latter is
composed of the Keesom energy (orientational forces between two permanent dipoles), the Debye
energy (interaction on a molecule induced a permanent dipole) and the London energy (dispersion
forces between two induced dipoles created by a polarisation) (eq. 2).

Enon—covalent = Eelectrostatic + EVan der Waals (1)

EVan der Waals = EKeesom + EDebye + ELondon (2)

The total energy of these attractive forces varies in r ©, r being the distance between two interacting
molecules'*!. The London forces come from an electronic and long range correlation, increasing with
the system size!3®. Basically, they can be approximately written as followed, with a dipole polarizability,
| first ionization potential and r intermolecular distance (eq. 3):

Elondon — _ 3 lals aadp g,
AB 214+lg 16

i. Computational description

Post ab initio methods can describe the electronic correlation. They consist in a first ab initio
calculations, in which only the global effect of the electronic correlation is taken into account, for
instance Hartree Fock. Then, a correction is applied in order to correctly describe the correlation. The
correction methods can work by a configuration interaction. This is the case in Coupled Cluster
approaches. A development by perturbation series can also correct the first calculation, for example
with Moller — Plesset. However, they require an important calculation cost for large systems!*2. For
instance, Domain Based Local Pair Natural Orbital Coupled Cluster'® locally describes the correlation.
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Besides, the coulombic integrals, responsible for the correlation, can be approximated by two centres

integrals instead of three centres, for instance in Resolution of Identity for Moller Plesset at the second

order RI-MP2**, Even though the computational cost decreases, it remains important. The DFT

methods offer a compromise between the cost and the accuracy. Nevertheless, most of the functionals

do not describe the London forces properly'®. The electronic correlation is included in the density

functional theory, but poorly approximated in the functional expression, particularly in the correlation

exchange term (Density functional theory). 4 levels of accuracy were proposed in order to categorise

the functional by their description of the dispersion interactions*.
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Level 1, parametric functionals. Parametric functionals such as meta-GGA
level. They do not describe long range interactions, but their parameters include a dispersion
contribution. Some geometries of equilibrium were properly described!* even though the
contribution did not have a physical meaning**.

Level 2, DFT-D. The total energy can be corrected after the DFT calculation by the dispersion
energy (eq. 4). The term is parametric and can be written as followed for two atoms** (eq. 5),
with C*8, the dispersion coefficient at order n for A-B, r their internuclear distance, s, the global
scale factor, dependent of the functional for adjustment and fqamp the Becke-Johnson damping
function, which avoids a divergence for short r and a double counting of the correlation for
medium distance!**1*°, Most of the time, the damping function and hence the dispersion
energy are zero or a constant for short distance. This can create artificial repulsive forces that
lead to an elongation of non-covalent interactions!*. Recently, an improvement of the short-
range behaviour was proposed®?,

Eprr—p = Eppr + Epispersion (4)

EDispersion = - EZA#:B Zn Sn TZTdeamp ) (5)

The Dn correction is frequently used. The first versions D1 and D2 account for Cs terms*2,
These dispersion coefficients are calculated by an empirical derivative interpolation. The D3
version adds the Cg and Cyo coefficients and improve their calculation by a physical basis*>3. The
atomic connectivity is considered for the polarizability calculation which is necessary for large
and stacked 1t and o systems®®*. A recent D4 version includes a charge dependent polarizability
and is mainly used for organometallic complexes'*®. The London dispersion effects were

accurately quantified in organometallic chemistry by this level**2,

Level 3, VdW-DFT. A non-local function can be added to the exchange correlation term, which
avoids the use of external data for the C, description. This approach is hence ab initio and
named Van der Waals DFT. Several functionals were proposed between 2004 and 2010%*%. The
VV10 functional is based on the approximation of semi local generalised gradient with a non-
local correlation term®’. This functional showed similar results than hybrid GGA functionals
corrected with a D3 method, which are less time consuming®®. The VAW-DFT and DFT-D are
recommended highlighting the importance of the dispersion energy in intramolecular cases®.
A recent study compared the accuracy of the three last levels, including the level 4€°,

Level 4, double hydride functional DHDF. For the double hybrid functionals, the exchange
correlation energy term is written as the sum of a non-local Fock exchange term E,' and a
non-local correlation term from MP2 EMP? (eq. 6)*%2,



EQFPF = (1 — a)ERPFT + a EFF + (1 — ap)EETT + acEMP?  (6)

E°FTand E.PFT are the exchange and correlation contribution from the DFT approximation. The
first three terms are the expression of a hybrid GGA functional. The a parameters modulate
the contributions. They are defined by a semi-empirical approach, based on thermodynamic
data, or by a non-empirical approach with an adiabatic connection. The semi empirical is more
accurate according to a recent study?®t. The DHDF functionals showed poor deviation and high
accuracy on an organometallic benchmark but suffered from their calculation cost®2,

Regarding the size of the further studied systems (DFT optimisation of the diastereoisomers), the DHDF
method was not retained because of the calculation cost. In addition, VdW-DFT was not chosen, as
they are not more accurate than a D3 method. Consequently, a Dn corrected B3LYP-D3BJ and a recent
parametric M062X functionals were selected. These functionals were used for the study of the
conformational isomerism of larger alkenes®.

Several approaches in DFT enabl to account for dispersion forces. Parametric functionals and dispersion
correction DFT-D show correct results and low calculation costs.

ii. Applications in organic chemistry

Usually, the energy resulting from dispersive interactions are underestimated compared to the
electrostatic ones. For instance, the electrostatic energy between two charges at 5 A is the same as
the dispersion energy between two fragments of 100 atoms (C, H, N, O) at the same distance, i.e. 60
kcal.mol™ 1%, They influence the properties of surfaces®® and various objects, such as conformational

and rotational barriers®®

or agostic complexes®’. Furthermore, they play a part in the selectivity in
synthetic chemistry because of their involvement in transition states. A review highlighted the
importance of London forces and its misunderstanding in a lot of different rationalising models or
concepts in synthetic chemistry®®, The review also described the computational modelling of
representative cases in which dispersion effects are important. The concept of steric effect was
clarified. The introduction of a bulky group is indeed usually assumed to hamper the reactivity of the
system. The interactions between two non-polar fragments are divided into a Pauli exchange steric
repulsion and a London dispersion attraction (Scheme 60). The Pauli repulsion is the result of the
electron indiscernibility. Two electronic clouds in approach develop a repulsive force, counterbalanced
by their induced polarizability. Consequently, the interaction between bulky groups can be attractive
at a specific distance. This delicate balance can be in favour of the stabilisation of large and crowded
structures, showing unusual long C-C bond, for instance with triphenylmethyl derivative 1-91, Alkyl-
substituted hexaphenylethane molecules were formed starting from their radicalar triphenylmethyl
derivative monomers. These dimers contained a weak and long covalent bond C-C bond. The dimers
were in equilibrium with their monomers. The determination of the equilibrium put in light the ability
of the alkyl groups to stabilise the overall dimers. The equilibriums were more in favour of the dimer
for substituents such as adamantyl (Ad) and tert-butyl rather than cyclohexyl or phenyl. Such rigid
groups can overcome the entropic penalty and the Pauli repulsion with a specific conformation
maximising the London forces. That proved the role of stabilising London interactions in molecular
stability.

78



Electron
indiscernability

Induced dipole
by polarisation

1-92

Ad = 1-91

Stabilisation of crowded architectures

Scheme 60: Steric effects, divided into an attractive London dispersion forces and a repulsive Pauli exclusion.
Examples of unexpected stable structures thanks to dispersion forces'®%1%°, Ar: 2,6-iPr-CsHs, X: F, Cl, Br, I, NMe,
NEt;, OEt.

These steric effects coming from a specific moiety were considered as a tool named dispersion energy
donors DEDs*”°. This concept is widely used in organometallic chemistry. For example, the properties
and the stability of Gadolinium substituted dipnictenes were proved to be strongly influenced by the
London forces occurring between the substituents on the ligands and by pnictogen-mt interactions
between the metal and the ligand 1-921%°. Besides, the London dispersion contributes to the stability
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of stilbinidenes”* and NHC compounds?’?. The dispersion effects are important in the solid state and

are obviously weakened in solution, but in this case, intramolecular contributions remain strong.
Particularly, molecular recognition and biological processes are influenced by London forces’. In
addition, enzymatic pockets can be protected from the solvent preventing from electrostatic dominant
interactions. The coulombic forces can be completely overcome by the London dispersion. This is the
case regarding the stability of the viologen cation radical pimer. The stacking led to attractive
dispersion forces overcoming the Coulombic repulsion of bringing two cationic species into contact’4,
Even in ionic liquids, the London forces compete with the hydrogen bonding!’®. Regarding the
hydrophobic effect, divided into a classic entropic part, and a non-classical enthalpic part, some studies
suggested a contribution of the London interactions’®. Furthermore, they can accelerate the
nucleophilic substitutions of substituted aromatic chlorides'’””. The attraction dispersion was more
important for the ortho substitution compared to the para position. It was correlated to the kinetic
rates of reaction. Finally, London forces can stabilise transition states, which can create selectivity in
the case of a preferential stabilisation. This is particularly the case in organometallic catalysis’®. In fact,
small changes of the interactions between the different moieties in a transition state can lead to
important selectivity. For instance, the aryl substituents influenced the TS stabilisation of carbonyl
hydrogenations with Ruthenium (ll) complexes (TS-3)’°. The enantiomeric excess of the resulting
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alcohol was directly linked to the attractive CH/m interactions between the ns-arene ligand and phenyl
group, which was a manifestation of the London forces.

%A
o]
TS-1 TS-3

Scheme 61 : Favoured TS by London dispersion. TS-1'%° and TS-3'7° benefit from CH/ rt interactions
counterbalancing the Pauli repulsion and stabilising the TS.

The dispersion attraction was also observed for the [4 + 3] cycloaddition reactions between alkoxy
siloxyallyl cations and furan. The most crowded product was formed thanks to the CH/m interactions
in the TS (TS-2 preferred to TS-3)'. The pericyclic transition states are highly influenced by London
forces®®!. The London dispersion can be responsible for enantioselective catalysis, even in a polar
media and a competitive electrostatic environment'®?, Besides, a study combining computational and
spectral techniques proved the stabilisation effect of London forces for an example of enantioselective
peptide catalysed acylation'®. However, there is currently a need for a tool quantifying the possible

steric effects of a chemical group®

. It is indeed difficult to predict the behaviour of a moiety in terms
of steric attraction or repulsion®. Finally, the self-assembly in supramolecular chemistry can be driven
by the London dispersion. For instance, they dictated the association between a copper (I) bimetallic
molecular clip and an aliphatic linkers®, In a nutshell, the dispersion forces are ubiquitous and can be
dominant in the stabilisation of molecular architectures. The design of molecules can benefit from

these forces, even though there is a lack of predictive tools.

The London dispersion play a part in many areas in chemistry. The balance between attractive London
forces and Pauli repulsion is difficult to predict but can be responsible for stabilisation and selectivity.

b. Synthesis of a pair of bulk diastereoisomeric I-105 and 1-106 building blocks

The aim of this subpart was to synthesise rigid and sterically crowded building blocks in order to obtain
bulk groups which can develop strong steric effects. The building blocks 1-105 and 1-106 were
synthesised following a 7-steps procedure adapted from the work of a previous PhD student!®
(Scheme 62). Firstly, commercially available benzoquinone and freshly distilled cyclopentadiene
obtained by a retro Diels-Alder reaction'® formed quantitatively 1-94. Then, the corresponding
benzoquinone form 1-95 was restored thanks to a rearomatisation with EtsN and oxidation with
benzoquinone®® with a satisfying 87 % yield. A second [4 + 2] cycloaddition with cyclopentadiene!® I-
92 gave 1-96 (22 %) and 1-97 (22 %). The diastereoisomers were separated through a chiral semi-
preparative HPLC separation®. The summed yield (44 %) was poor compared to the reported 97 %%,
Toluene was replaced by methanol for this step. Methanol facilitated the work-up but could be
responsible for the lower yield. Regarding the stereochemistry, resulting from the orientation of the
methylene bridges, 1-96 was named the cis product because its 2 methylene bridges pointed in the
same direction regarding the aromatic plan. At the opposite, I1-97 was named the trans product. Then,
reaction with sodium hydride enabled the rearomatisation of the cores while dimethyl carbamoyl

14Separation done by Dr. Nicolas Vanthuyne at iSm2, AMU university.
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chloride trapped the corresponding phenolate ions into O-thiocarbamate 1-98 (99 %) and 1-99 (98

%)7°1%° The yields were satisfying.
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Scheme 62: Synthesis of bulk diastereoisomeric building blocks I1-105 and 1-106, a) cyclopentadiene, MeOH, -
78°Ctor.t., 16 h., 98 %; b) 1. EtsN, MeOH, r.t., 16 h., 2. benzoquinone 1-93, CHCl3, 50°C, 5 h., 87 %,; c)
cyclopentadiene, MeOH, -78°C tor.t., 16 h., 44 % (a) 22 % (b) 22 %; d) dimethyl thiocarbamoyl! chloride, NaH,
DMF, r.t., 16 h., 99 % (a), 98 % (b); g) diphenyl-ether, 230 °C, 3 h., (a) 49 % (b) 11 %, f) RuH2CO(PH3)2, DMAD,
THF, reflux, 10 d. (a) 45 %, (b) 41 %; g) NaOH, H20/EtOH, reflux, 16 h., (a) 90 %, (b) 37 %.

At that point, a thermal Newman-Kwart rearrangement’®® changed the O-thiocarbamates into S-
thiocarbamates in 1-100 (49 %) and 1-101 (11 %). The cis-product 1-100 of the rearrangement showed
an appreciable yield for a thermal Newman-Kwart rearrangement in diphenyl-ether®!. The yield (49 %)
was similar to the microwave condition yield (49 %)™’ while the trans diastereoisomer showed a
poorer yield (11 %). The trans semi-rearranged product 1-102 was isolated and characterised but was
not used. The Newman-Kwart rearrangement was modelled by DFT (computational details in the
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experimental section) to get a further insight into its energetic cost (see Scheme 63). As expected, the
TS was high in energy, requiring harsh conditions. The S-thiocarbamate was found to be lower in
energy by 6 kcal.mol?, which explained the tendency of going from the O to the S-thiocarbamate.

45
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0 —=—— O-thiocarbamate
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Scheme 63: Energetic profile of the NKR rearrangement of I-107 analogue and TS representation Yellow: sulfur,
red: oxygen, blue: nitrogen.

The next step was a ruthenium catalysed [2 + 2] cycloaddition with dimethylacetylenedicarboxylate®®!

in order to obtain 1-103 (45 %) and 1-104 (41 %). The yields were moderate, but the cycloaddition was
not optimised. For instance, photochemical activation might improve the yields and avoid the high
temperature and the long reaction time. Finally, a basic deprotection cleaved both S-thiocarbamates
and methyl esters® to get I-105 (90 %) and 1-106 (38 %). The yields for I-105 was higher than reported
(80 %)*®”. Finally, the global yields, starting from p-benzoquinone, were respectively 7.8 % (a) and 0.6
% (b) for 7 steps.

Two bulk building blocks were synthesised with a yield around 8 and 1 % over 7 steps.

c. Self-assembly through DCC by oxidation with dioxygen

The aim of this subpart was to study the self-assembly of the previous building blocks (Scheme 64). They
were individually and simultaneously dissolved in aqueous buffers in DCLs. The mixtures were left
open, stirred and analysed by UPLC and LC/MS.

v

DCC

Scheme 64: Combination of sterically crowded building blocks with or without I-1 in order to obtain disulfide
macrocycles by self-assembly upon DCC.

i. DCLs of one building blocks
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The building blocks I-1, 1-108%°, 1-105 and I-106 were individually dissolved at 5 mM in aqueous buffers
(Scheme 65). The details are given in appendix (Appendix I-1I: Additional conditions of reactions). The HPLC signal
of the building block cis I-105 disappeared in 24 h without the formation of other signals in Tris buffer
(200 mM pH 7.4). The same behaviour was observed in ammonium acetate buffer (50 mM pH 7.4). A
ESI-MS analysis did not show the presence of sulfenic or sulfinic acid derived from the 1,4-
bisthiophenol or its oligomers. Consequently, the main reaction path might be a polymerisation of the
building block, explaining the loss of the HPLC signal as the hypothetic polymers were not eluted. This
hypothesis was not verified and could be assessed by DLS for instance. Nevertheless, the desired cyclo-
oligomerisation occurred in ammonium acetate 50 mM but only without adjustment of the pH (starting
pH at 6, final pH at 4.69 during the DCL). Thus, the influence of the pH seemed to be determinant. A
lower pH meant a lower rate of disulfide bond formation, which might prevent polymerisation. The
DCL showed an unexpected amplification of a cyclo-oligomer. The kinetic data are presented below
(Figure 14, Figure 15). 24 hours were required to completely oxidised the building block.
Simultaneously, a linear dimer and trimer, and a cyclic trimer were formed. All the materials were
converted into a unique signal after 1.5 days, corresponding to a cyclic tetramer 1-1054, which was
stable over 2 weeks.

SH SH SH SH
YOO o0 o0
HO,C CO,H HO,C COH COy,H  HO.C

SH SH SH SH

1-105 1-106 1-108 1-1
Scheme 65 : Building blocks used in the DCLs
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Scheme 66: Evolution of I-105 in ammonium acetate (50 mM, pH without adjustment), method K*¢. 1 building
block, n: cyclic oligomer including n monomeric units, L linear oligomer

15 Batch from Dr Zhang.
16 The form of the tetramer signal is due to a saturation of the column by too high concentrations.
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Scheme 67: Building block and macrocyclic population evolution of I-105 in ammonium acetate (50 mM, pH
without adjustment), method K, 1 building block, n: cyclic oligomer including n monomeric units, L linear
oligomer

The cyclo-oligomerisation was also followed by 'H NMR (5 mM, NDsCD3COOD 50 mM without pH
adjustment) with an internal standard (dioxane). Thanks to the calibration with dioxane, the
conversion into the cyclic tetramer was 79 % at 44 hours, which was coherent with the UPLC (78 %)
(Appendix I-1X: NMR experiments of 1-105 / 1-105,).

Interestingly, this amplification was reproduced at the same concentration of 1-105 dissolved in
aqueous solutions of ammonium salts and in pure water. Hence, the selective formation of the
tetramer was not driven by a template effect of an ion.

Surprisingly, the trans diastereoisomer 1-106 did not form oligomers in ammonium acetate 50 mM
without pH adjustment. Thus, the particular shape of the cis diastereoisomer 1-105 was determinant
to form short oligomers. At this point, the possible role of stabilising London forces inside the cavity of
the tetramer was envisioned. Finally, iodine!? oxidation of thiols of I-105 did not lead to discrete cyclo-
oligomers.

Furthermore, the DCL of 1-108 building block dissolved at 5 mM in ammonium acetate 50 mM without
adjustment of pH surprisingly did not lead to a cyclo-oligomerisation despite a structure similar with I-
105. The HPLC signal disappeared in 24 hours. So, the two bulk units in 1-105 seemed determinant for
the tetramer formation. A preparative DCL was performed to isolate the macrocycle 1-1054 in
ammonium acetate 50 mM without pH adjustment, with a satisfying yield of 71 %, comparable to the
I-14 synthesis.

The oligomerisation occurred for I-105, leading to a cyclic tetramer. This DCL was influenced by the pH
but not by the nature of the aqueous solution.
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ii. DCLs of two building blocks simultaneously

The building blocks I-1 and alternatively 1-105, 1-106 and 1-108 were dissolved at 2.5 mM, mainly in
ammonium acetate buffer 50 mM without pH adjustment (Scheme 68). The details are given in
appendix (Appendix I-1I: Additional conditions of reactions). Firstly, both DCLs with 1-105 and 1-106 did
not contain hetero-oligomers with I-1 or homo-oligomers. The HPLC signal of the building blocks
disappeared in few hours. This could correlate with a possible polymerisation, as ESI-MS analysis did
not show any evident clues of sulfenic or sulfenic acid formation. Other buffers (Tris 200 mM pH 7.4),
oxidation of thiols with iodine''? and the use of cationic amines as templates did not help to form
heterocyclo-oligomers.

SH SH SH SH
HO,C (. ’) CO,H HO,C ’) CO,H ’) CO,H COLH
HO,C CO,H HO,C CO,H l CO,H HO2C
SH SH SH SH
1-105 1-106 1-108 I-1

Scheme 68 : Building blocks used in the DCLs

Heterocyclo-oligomers between DCLs of the building blocks 1-108 and I-1 dissolved at 2.5 mM in
ammonium acetate buffer (50 mM without pH adjustment) were detected by LC-MS analysis. The
kinetic data are presented below. The concentrations of the macrocylic products formed in the DCL
were obtained from their corresponding HPLC-UV areas after determining the effective absorption
coefficients of the two starting building blocks thanks to the Beer-Lambert law. The absorption
coefficient of the macrocyclic product was the relative sum of the coefficient of its components. The
building block I-108 was quickly consumed, while the conversion of I-1 took nearly 48 h. Firstly, a cyclic
heterotrimer 1-1,1-108 was formed, followed by its disappearance into tetrameric forms. The DCL
indeed evolved through the formation of cyclic I-1,1-108; and 1-131-108 as main components. The
decrease of the total area might be related to the formation of polymer as well as the formation of
aggregate species, which was not verified. At longer times (one week), the HPLC signal was weak but
was mainly composed of 1-131-108. No amplification of macrocyclic products was observed with
cationic polyamines. The heterocyclo-oligomerisation did not occur in pure water in similar
concentrations of building blocks.
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Scheme 70: Building block and macrocyclic population evolution of 1-108 = A and I-1 = B in ammonium acetate
(50 mM, pH without adjustment), method K, X»Ym disulfide macrocycles including n X units and m Y units

17 The absorption coefficients for each building blocks are different.
18 The absorption coefficients for each building blocks were determined and used as a combination to obtain
those of the corresponding macrocycles.
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To conclude, efficient conditions of oligomerisation were found between I-1, 1-106, 1-105 and 1-108.
The architecture of the building blocks appeared to be central. The DCLs of the diastereoisomers 1-105
and I-106 had different compositions in similar conditions, as well as the DCL of the nearly identical I-
108. Heterocyclo-oligomerisation occurred only between I-1 and 1-108 in the tested conditions. The
steric effects were suspected of being a major actor of the formation of 1-105a.

The combination of I-1 with the pair of bulk diastereomers into heterocyclo-oligomers was not possible.
At the opposite, the I1-108 version formed cyclic hetero-tetramers with I-1.

d. Structural properties of 1-105,4

The aim of this subpart was to precisely assign the conformation and the configuration of the 1-1054
cyclic tetramer by means of analytical techniques. The HPLC signals could account for several
superposed traces of tetramers. In fact, up to 24 different cyclic tetramers of 1-1054 could be formed
during the self-assembly. The building block could orient itself inside or outside the cavity. Thus, a
combination of 6 different orientations was possible regarding the position of the methylene bridge in
relation with the macrocyclic cavity (Scheme 71). The configuration was named « In » if the methylene
bridge pointed inside the cavity, and « out » if the methylene pointed outside the cavity.

In addition, each disulfide bonds could adopt a specific conformation®, P or M referring to the
nomenclature®*. Consequently, 4 different conformations were possible for the disulfide bridges, PPPP,
MMMP, MMPP and MPMP. Finally, there was no prochiral R/S configurational contribution from the
disulfide bridges because the building block unit was symmetric®. That made 24 possible
diastereoisomers combined with the building block orientation, illustrating the molecular diversity of
the disulfide bonds. The crowded architecture of the building block led to the hypothesis of rigid
disulfide bonds, which could not change their conformation during the DCLs. This hypothesis could be
eventually verified thanks to *H NMR experiments with different temperatures. *H NMR, *C NMR, 2D
NMR, crystallography and potentiometric titrations, supported by DFT calculations were combined in
order to leave the veil on the stereochemistry of 1-105a.
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Scheme 71 : Representation of the molecular diversity source in the case of the cyclic tetramer 1-1054 obtained
from spontaneous self-assembly. No configurational pro R/S contribution because of the building block unit
symmetry, but contribution from the building block orientation inside the cavity and from the conformation of
the disulfide bonds.
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i. NMR analysis

'H NMR spectrum of the precipitate revealed two similar sets of signals, each accounting for the same
number of protons (Scheme 72). Consequently, the precipitate was composed of 1) one species with
two sets of magnetically different protons, or 2) two symmetric species with only one set of protons,
in an equal proportion. However, the last option was considered improbable given that they were no
evident reasons to obtain two different macrocycles in the same proportions during the DCL.

The configuration and the conformation of the 24 possible diastereocisomers were classified following
their symmetry. There were only two diastereoisomers that contained two magnetically different set
of protons. The two NMR-compatible diastereoisomer candidates are “In_In_In_In_MPMP” and
“In_Out_In_Out_PPPP” (Scheme 73). For the first one, the two sets came from a simple symmetry
breaking due to the configuration of the disulfide bond. Regarding the second candidate, the disulfide
bonds had the same configuration but the alternate orientation of the faces was responsible for the
two sets of signals. That led to the hypothesis of a frozen exchange of the disulfide bond configuration.
That was coherent with the crowded cylindric cavity of the macrocycle. 2D NMR experiments (HSQC,
NOESY and HMBC) contributed to the attribution of each set of signals in *H and 3C NMR. The detailed
spectra with the analysis of the coupling was given in appendix (Appendix I-1X: NMR experiments of I-
105 / 1-105,4).
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Scheme 72 : 'H NMR spectra of I-1054, with the unit of interest. 2 identical sets of 4 different protons are visible.
The macrocycle contains two magnetically different units.
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Scheme 73 : Representation of the two configurations coherent with 2 magnetically different sets of protons.

The *H NMR control of the DCL leading to I-1054 indicated a conversion of 79 % of I-105 into the unique
diastereoisomer I-1054in deuterated ammonium acetate at 50 mM (5 mM of I-105, no pH adjustment),
which was an impressive selection. DOSY experiments were simultaneous performed and gave the
hydrodynamic radius of the members of the DCL (Appendix I-IX: NMR experiments of 1-105 / 1-1054).
The hydrodynamic radius of I-105 was 5.71 */.0.07 A while the hydrodynamic radius of I-105, was 9.08
*/.0.75 A. This last value was compared to the external and hydrodynamic radius of the optimised
structures of the diastereoisomer In_In_In_In_MPMP. The modelled external radius was 8.30 A and
the hydrodynamic radius was 10.40 A. The computed and experimental hydrodynamic radius were in
good agreement. So far, we have not obtained a crystallographic structure of 1-1054 which can be
compared to the modelling and this experimental data.

The precipitate was composed of only one macrocycle. Regarding its configuration, two
diastereoisomers are NMR compatible over the 24 possibilities.

ii. Crystallographic study

Samples of the macrocycle were sent to the Ivan Huc’s group at the University of Munich. The team
has a knowledge in crystallisation of macrocyclic compounds. Different set of crystals were obtained
by our partner®®. The first set were grown in the following media: 1) KH,PO4, NaH,PO4, HEPES (pH 7.5).
2) NH4H,PO,, tri-Sod. citrate (pH 5.6) ; 3) NH4sH2PO,, TRIS (pH 8.5), 4) K;HPO4, NaH,PO4, HEPES (pH 7.5).
However, the resolution of the structure was not possible. A second set of crystals were grown in
(NH4)2S04, Glycerol, TRIS (pH 8.0), Anderson-Evans polyoxotungstate [TeWs024]®” and were resolved
on the Synchrotron of Geneva. Surprisingly, the structure elucidation and preliminary refinement
indicated an octamer instead of tetramer (Figure 13). We hypothesised that under slow evaporation of
the media, two tetramers reacted by metathesis of disulfide bond, leading to an octamer which

1% Experimental work by Dr. Pradeep Mandal
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crystallised. The structure could not give the orientation of the faces, but the disulfide configuration
could be observed. It was MPPPMPPP. That was coherent with the hypothesis of aIn_In_In_In_MPMP.
In fact, the disulfide metathesis proceeds by a SN»-like mechanism, inverting the configuration of the
disulfide bonds reacting. Regarding our supposed tetramer, the configuration MPMP + MPMP became
MPPPMPPP (Scheme 74). A modelling by DFT of the process was not obtained but could be optimised
in the future in order to observe the inversion of the configuration and the energetic cost of the

metathesis.

Figure 13: View (Mercury'3?) of the octameric crystallographic structure, with oxygen on the aromatic rings for
clarity. The two views are centred on the two disulfide bonds resulting from the metathesis.
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Scheme 74 : Dimerisation of two I-1054 upon crystallisation conditions by a metathesis of disulfide bonds with
inversion of disulfide configuration.

A third set of crystals were obtained by a stoichiometric dissolution of 1-1054 and spermine I-8. The
amine should help to obtain better resolution of the crystals and an efficient crystallisation of the
tetramer. They are currently resolved thanks to the Synchrotron of Geneva. Unfortunately, we had not
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solved structures now. The crystallographic structure will be determinant to assess definitely the
configuration in the solid state, combined with NMR and modelling.

iii. pH titration

The macrocycle was titrated with an excess of HCI. The titration curves are given in appendix. Two pK,
were determined at 3.61 and 6.71, suggesting two distinct acidities. That was coherent with the
symmetric structure involving a stabilisation of one carboxylate by an internal hydrogen bond. The pK,
of the similar moiety maleic acid was coherent®, The pH was 4.69 at the end of the DCL giving the
macrocycle. Therefore, the protonation state was 50 %, i.e. — 8. This was an important parameter for
DFT modelling.

The macrocycle had two pK, and was half deprotonated (-8) at the end of its DCL.

e. DFT optimisation of the diastereocisomers

The aim of this subpart was to confront the previous experimental assignment of the stereochemistry
of 1-1054 and to study the contribution of London forces to the self-assembly by a computational
modelling. A DFT study was conducted in order to predict the most stable diastereoisomer of 1-1054
including the contribution of dispersion. In fact, DFT could provide information on the possible driving
forces of the self-assembly, including the dispersion, as previously discussed (Computational

description). The 24 diastereoisomers were built thanks to the GaussView5 software!®®

and optimised
with the B3LYP functional’. Then, a single point (SP) energy calculation gave the energy of the system.
The B3LYP functional did not contain a dispersion term. Thus, the optimised geometries were further
submitted to a SP calculation with two additional functionals. The B3LYP was corrected with the D3
version of Grimme’s dispersion with Becke-Johnson damping®* (level 2 Computational description).
That enabled to extract the dispersion contribution by difference with the B3LYP energy. Also, a recent
parametric functional, M062X%*7® (level 1 Computational description), was used, containing a

description of the dispersion and not an empirical extra term.

A first optimisation with B3LYP-D3BJ was tested. However, the structures were highly deformed and
were not acceptable. The dispersion forces were probably overestimated with this functional given
that the systems contained a large part of alkyl groups. That resulted in a tendency to shorter the
distance between the units of the macrocycle, inducing an important strain on the disulfide bonds.
This phenomenon was observed in other system, adopting a particular folding following the B3LYP or
B3LYP-D3 optimisation®®. That is why the structures were first optimised with B3LYP which gave
coherent structures in terms of symmetry and strain. The computational details are given in the
experimental section (DFT optimisation of the diastereoisomers).

The full data are gathered in the appendix (Appendix I-XIl: DFT data for 1-1054). The summary of the
optimisation and energy calculations are presented below (Scheme 75). The energy E was recorded, not
the Gibbs free energy G. The calculation of G was costly given the number of atoms and the level of
theory and was not performed. The study could be based on E, even though G would be more precise.
The diasteroisomer In_In_In_In_MPMP was the lowest in energy with the three functionals. The
difference of energy for each diastereoisomer compared to the In_In_In_In_MPMP is presented. The
dispersion difference is referenced with In_In_In_In_MPMP for clarity. The different functionals gave
coherent results.
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For each disulfide bond geometry, the same tendency could be observed. The all « in » configuration
was the lowest in energy over the 6 possibilities. Then, the energy increased for each additional « out »
unit in the macrocycle until the all « out ». Regarding the alternate In_Out_In_Out, it broke the
tendency and was higher in energy than the In_In_In_Out, In_In_Out_Out and the In_Out_Out_Out
geometries. This singularity was observed for all disulfide bonds geometries apart from MPMP.
Consequently, a methylene bridge pointing inside the cavity increased the system energy
systematically. Thus, the alkyl groups tended to interact unfavourably inside the cavity with the
neighbouring other bridges and 4-membered rings. Thus, the steric effects were mainly repulsive. The
dispersion attraction followed the opposite trend than the energy. The contribution was more and
more stabilising following the addition of « in » units inside the cavity. That could be explained by the
increasing steric effects inside the cavity compared to fewer steric effects outside the cavity. Even
though these effects increased for each methylene bridges pointing inside, the attractive dispersion
did not take the top on the Pauli repulsion. To sum up, the predicted most stable geometry was
In_In_In_In_MPMP, which did not show the most stabilising London dispersion contribution. That
disqualified unambiguously the hypothesis of the dispersion as driving force for that self-assembly,
upon the present calculation level.

The upper level of dispersion description could be tested, such as VdW-DFT or DHDF. However, the
systems contain a high number of atoms, so the calculation cost will be too expensive. Several
computational methods could give more information, such as a recently developed universal
quantitative descriptor of the dispersion interaction potential, producing a London surface map*®.
However, the method cannot be applied for systems with more than 100 atoms. A decomposition of
the energy will provide useful data, for instance with the recent local energy decomposition at the
domain-based local pair natural orbital level of theory?®. Finally, the NCI plot could also be relevant to
explain the selectivity for this self-assembly®’. Those data are coherent with the NMR analysis. As a
matter of fact, the most stable diastereoisomer corresponded to one of the two possibilities of
configuration dictated by the symmetry of the signals in NMR. Based on the computational study and
the NMR analysis, the precipitated species must be the In_In_In_In_MPMP (Figure 14). Nevertheless,
the crystallographic structure will be last element to validate this structure.

Figure 14 : Pictures of the the diastereoisomer In_In_In_In_MPMP of I-1054 from DFT optimisation (Pymol
198)

Software
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The most stable geometry was predicted to be the In_In_In_In_MPMP. The energy increased from a all

“in” to a all “out” geometry. The steric effects were dominated by steric repulsion rather than London
attraction.

f. Modification of the external part and of the functionalisation of the sterically crowded
1,4-bisthiophenol

The aim of this subpart was to find a synthetic approach in order to obtain variations on the chemical
functions of the sterically crowded building blocks (Scheme 76).

O SH o R SH R
R ; R NZ SN
I I
CTIE O - i
o SH o R SH R

Scheme 76: Desired modifications on the bulk groups and the chemical functions. R any chemical
functions.

Thus, the synthesis of 1-105 analogues was proposed in order to vary the chemical functions bore by
the building block. The first approach consisted of the use of a derivative of acetylenedicarboxilic acid
1-110 instead of dimethylacetylenedicarboxylate for the [2 + 2] cycloaddition (Scheme 62). Protected
amines were chosen to be added to acetylenedicarboxilic acid I-110 thanks to an amide bond. Indeed,
a scope of different acetylenedicarboxamides was described in the literature®®. The DMTMM coupling
agent I-111 was freshly prepared as recommended?®, with a satisfying yield of 99 % (Scheme 77). Fmoc-
protected amine hydrochloride I-116 was synthesised in 3 steps with a satisfying global yield 75 % from
diethylene amine?®* (Scheme 77). 1-118 was synthesised from 1-117?° with a satisfying yield of 45 %
(Scheme 77).

cl ® (\O

N-methyl-morpholine MeO /N N\)
bl st
THF, r.t., 30 mn, 99 % NS
— ’ ’ )
MeO N OMe Y
OMe
1-112 1-111

a)
HN S\, — PN iBoe —
1113 114

c)
FmOCHN\/\NHBoc — FmocHN\/\NH2

1-115 1-116

HoN NH FmocOSu, DIPEA FmocHN NHFmoc
2 \/\N/\/ 2 \/\N/\/
H DCM, 16 h, r.t., 45 % H
1117 1-118

Scheme 77 : Preparation of the DMTMM coupling agent I-111 and protected amines. a) Bocz20, CHCl3, 0°C, 16 h.,
99 %; b) FmocO-Su, NaHCO3, H20 / MeCN, r.t., 16 h., 96 %; c) HCI, H20 / AcOEt, r.t., 4 h, 79 %.
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The amide bond formation with acetylenedicarboxilic acid 1-110 was then explored. Few products of
reaction between the diacid and the amines were obtained (Scheme 78). The reaction between
benzylamine and I-110 gave the corresponding derivate 1-120 with acceptable yield of 58 (reported 77
%'%°). The amide bond formation with benzylamine, HOBt and EDCI?*® was not efficient, highlighting
the importance of DMTMM I-111. The product I-122 from the reaction with 1-hydroxypyrrolidine-2,5-
dione was not observed. Interestingly, the product 1-123 of the reaction between 1-110 and 1-116 was
not detected while the Boc analogue 1-114 led to 1-121 with a yield of 45 %. The product of the reaction
between the 1-118 and 1-110 was not observed, while the product between 1-110 and di-tert-butyl
(azanediylbis(ethane-2,1-diyl))dicarbamate was obtained with a yield of 26 %. For all the substrates,
the conversion was total, as attested by the disappearance of the 1*C NMR alkyne signal of I-110 and a
shift of this signal in the region of C=C double bond, suggesting a Michael’s addition instead of an amide
bond formation. Other coupling agents were employed as well as other solvents (HCTU, DMF?%; EDCI,
MeOH?%; HOBt, EDCI, MeOH?%°/DMF?®, PyBrop?®*) without obtaining more desired products. The use

205 204

of a reactive acyl chloride®® or succinimide*™® intermediate also failed to enlarge the scope of

acetylenedicarboxamides.

@)
oH DMTMM I-111 R
Ho F > Z
DMF/NMP, 0°C, 16 h.
(@)
I-110
@)
FmOCHN\/\N;"z Ph/\N?f BOCHN\/\ 177{ N/Ossgs\
R= H H H
1119 0 % 1-120 58 % 1121 45 % 0]
111220 %
FmocHN._ -~~~ NHFmoc BocHN\/\N/\/NHBoc
1123 0 % 1-124 26 %

Scheme 78: Derivatisation of acetylenedicarboxilic acid by amide bond formation with various nucleophiles and
DMTMM agent I-111

The product of the ruthenium catalysed cycloaddition?®* between 1-102 and 1-121 was not observed
(Scheme 79). Indeed, no conversion was observed for both starting materials after 7 days at reflux,
and higher temperature degraded the acetylene derivative. A microwave activation or a photocatalysis
could be an alternative solution.

Another derivatisation plan was explored, involving tetrazines. In fact, they are efficient partners for
[2 + 2] cycloadditions®®. The synthesis of substituted 1,2,4,5-tetrazines from 1-125 (synthesis?”’ in
chapter 2) was tested by Syar between amine 1-116 and 1-125%% (Scheme 80). Different conditions were
employed (acetonitrile, DMF, methanol, r.t., reflux, 16 h., 2 h.). A mono-substituted product I-127 was
isolated in 2 h at r.t. in methanol with an excellent yield of 68 %. At longer times or higher temperature
(reflux, 16 h.), the Fmoc protecting group was cleaved partially (ESI-MS analysis) and the tetrazine
moiety was degraded by the reaction conditions (**C NMR), even though there are many examples in
the literature for similar substitutions?®. Other conditions and a careful control of the reaction
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composition could be a solution. The direct synthesis of substituted tetrazines from hydrazine could

be explored alternatively?®.

BocHN NHBoc
O (0]
S)J\NMez )J\NMGZHN
RuH,CO(P(Ph)s)s. 1-121
C Y - IIOOQ)II
THF, 90 °C, 7d
MezN\"/S NHMezN\n/
o O
1102 BocHN NHBoc
Scheme 79 : Ruthenium catalysed [2+2] cycloaddition of 1-121 with 1-102
X w ¥
/\/NHZ + NI \’}l PIPEA N// m/ \/\NHFmOC
—_—
FmockN NN Solvent, T, t, 99 % FmOCHN\/\NJ\\NzN
116 Y N
Cl
1-126
1-125
NN~ -C
| 1127, MeOH, 2 h, 68 %
FmocHN X, -N ’ et
mocC \/\ )\N

Scheme 80: Substitution of I1-125 with 1-116
The modification of the chemical functions of I-105 encountered synthetic issues.

g. Conclusion

The synthesis of building blocks with distant carboxylates and thiols moieties including a bulk
separation was achieved. The building blocks did not self-assembly through DCC similarly with I-1 in
hetero-oligomers. In addition, two diastereoisomers showed opposite self-assemblies through DCC in
aqueous solutions. Especially, I-105 formed a single cyclic tetramer over all the oligomers and over the
24 accessible macrocyclic configurations. The assignment In_In_In_In_MPMP resulted from a
combination of NMR and DFT study and will be confirmed by a crystallographic structure, currently
under resolution. Under some conditions of crystallisation, an unexpected metathesis of disulfide
bonds converted two 1-105, into an octamer with a disulfide configuration MPPPMPPP. That
impressive selection during the self-assembling was not directed by attractive London forces but by
repulsive steric effects. The modification of the chemical functions of I-105 met synthetic issues but
optimisation of the Ru-catalysed [2+2] could address the problem.

6. Conclusion

The exploration of different polycarboxylate disulfide bridge cyclophanes led to fundamental and
applied study, validating their ability to develop theoretical concept but also various applications. The
polyanionic macrocycle I-14 had high affinity for polycationic amines in solutions with K, up to 10* M
1 and biological applications currently under development. The selectivity of the receptor for a,w-
alkyldiammoniums was governed by the solvation of the complexes and by the desolvation of the
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guests. Regarding the binding of I-15 with spermine 1-8 and spermidine 1-14, the solvation effects are
also discriminant in the selectivity for spermidine 1-14, even though the exact picture is not yet
depicted. Spermidine 1-14 is less charged but was more mobile in the complex, which contributed to
the selectivity.

The formation of heterocyclo-oligomers that are mutants of I-14, for both fundamental and applied
studies partially failed for the modification of the rims, notably their chemical functions. Nevertheless,
a successful expansion of the diameter of the cavity was obtained by the self-assembly through DCC
of a benzylic analogue of I-1. The building block revealed different schemes of self-assembly following
the oxidant (O, vs I,). Discrete macrocycles were observed, and a strained dimer was isolated and
crystallised thanks to iodine. The distribution of macrocycles was influenced by templating. The cyclic
dimer 1-15, was too small to accommodate a guest but was used as a model of post-functionalisation
of the carboxylic acids. A further modification of the link between the aromatic units, turning disulfide
bridges into thioether was observed but could not be managed.

Finally, the synthesis of building blocks with distant carboxylates and thiols moieties including a bulk
separation was achieved. That resulted in a possible expansion of the height of the macrocyclic cavity.
Two diastereoisomers showed opposite self-assemblies in aqueous solutions. Especially, a single cyclic
tetramer over all the oligomers and over the 24 accessible macrocyclic configurations was obtained by
a spectacular selective self-assembly of 1-105. The assignment In_In_In_In_MPMP resulted from a
combination of experimental and computational study and will be confirmed by a crystallographic
structure. Under conditions of crystallisation, an unexpected metathesis of disulfide bonds converted
two 1-105, into an octamer with a disulfide configuration MPPPMPPP. The driving force of the self-
assembly was first supposed to be the London forces, which was invalidated by DFT. The assembly was
probably governed by repulsive steric effects. The modification of the chemical functions of this
macrocycle met synthetic issues. During the exploration of all those backbones, the iodine gave
contrasted results, between efficient oligomerisation and polymerisation promoters. Water-soluble
cyclophanes will continue to play a major role in molecular recognition and fundamental studies, as
highlighted by the investigation of solvation and steric effects. Self-assembly provided efficiently that
family of receptors, which are promising platform for different applications.
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Experimental section

a. Synthetic procedures and characterisations

Only new compounds are fully characterised. Otherwise, only *H and 3C NMR were recorded. “Match
with literature” means a reference for the compound spectra. The protocol references are given in the
main text. Adaptations and optimisations were done without specific mention. The new compounds
were fully characterised by HRMS, 1D, 2D NMR, and mp. The spectral data are described after their
synthetic procedure. The corresponding spectra are not given in appendix for conciseness. They were
compiled on previous reports and are electronically available. If a molecule was not fully characterised,
for instance with macrocycles, spectral data could be delivered in appendix to support the discussion.

i. Materials and methods

All commercial reagents were used as received. Solvents were dried using conventional methods. All
reactions were carried out under nitrogen or argon. Column chromatography was performed using
silica gel (0.040—0.063 nm). Reactions were monitored via TLC on a silica gel plate and visualised under
UV light. *H NMR and *C NMR spectra were recorded on a Bruker DRX at 400 MHz or on a Bruker ALS
at 300 MHz. J values are given in Hz. Mass spectra were acquired on an LCQ Advantage ion trap
instrument, detecting positive or negative ions in the ESI mode. Melting points were determined by a
Buchi Melting point B-540.

ii. Preparative procedures and characterisations

1-6 diethyl 2,5-bis((dimethylcarbamothioyl)oxy)terephthalate

To a solution of I-5 diethyl 2,5-dihydroxyterephthalate (10 g, 39 mmol, 1 eq) in dry DMA (100 mL) was
added dropwise at 0°C a solution of dimethylcarbamothioic chloride (19 g, 157 mmol, 4 eq) and DABCO
(18 g, 157 mmol, 4 eq) in dry DMA (50 mL). The mixture was stirred under nitrogen at room
temperature for 24 h. The precipitate was filtrated and fwashed extensively with water (4* 250 mL).
The solid was dried under vacuum to give a white powder (17 g, 99 %).

IH NMR (300 MHz, CDCls) & ppm = 7.74 (s, 2 H, Ar), 4.31 (q, = 7.2 Hz, 4 H, CH,), 3.47 (s, 6 H, NCH3),
3.41 (s, 6 H, NCHs), 1.34 (t, ) = 7.2 Hz, 6 H, CHs) data matched with literature reference'®

I1-7 diethyl 2,5-bis((dimethylcarbamoyl)thio)terephthalate
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I-6 diethyl 2,5-bis((dimethylcarbamothioyl)oxy)terephthalate (3 g, 6.88 mmol) was heated under neat
conditions at 210°C for 2 h. The solid was cooled at 90°C. Then, ethanol was added (90 mL) and the
mixture was cooled at 0°C overnight. The precipitate was washed with cooled ethanol (2¥45 mL) and
dried under vacuum to give a beige powder (2.46 g, 82 %).

14 NMR (300 MHz, CDCls) & ppm = 8.09 (s, 2 H, Ar), 4.32 (q, J = 7.2 Hz, 4 H, CH,), 3.10 (br. s., 6 H, NCH),
2.99 (br.s., 6 H, NCHs), 1.34 (t, ) = 7.2 Hz, 6 H, CHs) data matched with literature reference®

SH
HO,C

CO,H
SH

I-1 2,5-dimercaptoterephthalic acid

A solution of I-1 diethyl 2,5-bis((dimethylcarbamoyl)thio)terephthalate (2.6 g, 6.06 mmol, 1 eq) in
degassed 1.3 M KOH (5.8 g, 104 mmol, 17 eq) in EtOH/H,0 (1:1, 80 mL) was refluxed under an inert
atmosphere for 3 h. The reaction mixture was cooled in ice, and concentrated HCI (15 mL) was added
until pH 1. A bright yellow precipitate was formed, filtered, and washed extensively with water, yielding
compound A as a yellow solid (1.215 g, 95 %).

'H NMR (300 MHz, MeOD) & = 8.06 (s, 2 H, Ar) data matched with literature reference’®

HOOC HOOC, COOH
\S\ 7 S/
S S
'COOH
P COOH
S coo
S
s S—COOH
HOOC

1-14(2,3,8,9,14,15,20,21-Octathiapentacyclo[20.2.2.24,7.210,13.216,19]dotriaconta-4,6,10,12,16,18,
22,24,25,27,29,31-dodecaene-5,11,17,23,25,27,29,31-octacarboxylic acid

A solution of I-1 2,5-dimercaptoterephthalic acid (230 mg, 1 mmol, 1 eq) and spermine (50.6 mg, 0.25
mmol, 0.25 eq) in Tris [200 mm] buffer pH 7.4 (3.05 g in 100 mL of milliQ water) was stirred under air
for 24 h. Then, TFA was added until pH 1. The resulting precipitate was filtrated, and dissolved in a
minimum amount of borate buffer [200 mM] pH 8.3 and stirred for 5 mn. Then, TFA was added until
pH 1. The sequence was done three times. Then, the solid was washed with milliQ water three times,
and dried under vacuum to yield yellow powder (185 mg, 80 %).

'H NMR (300 MHz, D,0, NaOD, pH 7.4) 6 = 7.98 (s, 8 H, Ar) data matched with literature reference'®

CO,Et
SH

HS
CO,Et

I1-11 diethyl 2,5-dimercaptoterephthalate
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A 0.75 M solution of freshly prepared EtONa in distilled EtOH (642 mg of Na, 27.96 mmol, 12 eq, in 37
mL of EtOH) was added to diethyl 2,5-bis((dimethylcarbamoyl)thio)terephthalate (1 g, 2.33 mmol, 1
eg. The mixture was heated under reflux for 1 h 30) under N,, and then cooled to 0°C. A 1 M solution
of HCl was added until pH 1. The resulting precipitate was filtrated and washed with chilled water. The
solid was purified by column chromatography (SiO,, cyclohexane: ethyl acetate = 7:3) to give a yellow
solid (147 mg, 22 %).

Yellow solid; mp: 132.7-134.8 °C; HRMS (ESI) [M + Na]* found 309.0222, calculated 309.0226 for
[C12H1aNa04S,]*; *H NMR (400 MHz, CDCls) & ppm = 7.96 (s, 2 H, Ar), 4.69 (s, 2 H, SH), 4.42 (g, ) = 7.15
Hz, 4 H, CH,), 1.44 (t, ) = 7.15 Hz, 6 H, CH3); 3C NMR (400 MHz, CDCl3) 6§ ppm = 165.5 (CO), 133.5 (Car-
CO0), 133.3 (Car), 129.4 (Car-S), 61.9 (CH3), 14.2 (CHs)

CO,Me

COzMe

1-32 dimethyl 2,5-dimethylterephthalate

To a suspension of 1-31 2,5-dimethylterephthalic acid (800 mg, 4.12 mmol, 1 eq) in dry methanol (12.5
mL) was added dropwise at 0°C thionyl chloride (1.25 mL, 17.1 mmol, 3.5 eq). The mixture was heated
at reflux and stirred overnight under inert atmosphere. After cooling, the resulting solid was washed
with methanol (10 mL) and twice with hexane (2*10 mL).The solid was dried under vacuum to give a
white powder (915 mg, 99 %).

White solid; mp: 113.7-115.1 °C; HRMS (ESI) [M + H]* found 223.0954, calculated 223.0965 for
[C12H1504]*; *H NMR (400 MHz, CDCl3) 6 ppm = 7.76 (s, 2 H, Ar), 3.91 (s, 6 H, COOCH3), 2.57 (s, 6 H, Ar-
CHs); 3C NMR (400 MHz, CDCls) & ppm = 167.5 (CO), 137.0 (Car-CHs), 133.5 (Car-CO), 132.4 (CaH), 52.0
(OCH3), 20.9 (Ar-CHs)

CO,Me

Br
Br

CO,Me

1-33 dimethyl 2,5-bis(bromomethyl)terephthalate

A solution of I-32 dimethyl 2,5-dimethylterephthalate (600 mg, 2.70 mmol, 1 eq), NBS (1.05 g, 6 mmol,
2.2 eq), AIBN (36 mg, 0.220 mmol, 0.08 eq) in dry DCM (7.5 mL) was heated at reflux until conversion
of starting material. The reaction is monitored by NMR control (approximately 16 h). After cooling, the
organic phase was washed with a solution of NaHCOs (2*10 mL) and brine (2*10 mL). The organic
phase was dried with MgSO. and evaporated to dryness. The crude mixture was purified by column
chromatography (SiO,, cyclohexane : DCM = 1:1) to give a white powder (591 mg, 86 %).

White solid; mp: 109.3-111.7 °C; HRMS (ESI) [M + Na]* found 400.8989, calculated 400.8995 for
[C12H1,Br,Na04]*; *H NMR (400 MHz, CDCl3) & ppm = 8.06 (s, 2 H, Ar), 4.93 (s, 4 H, CH>), 3.98 (s, 6 H,
CHs); 3C NMR (400 MHz, CDCl3) & ppm = 165.7 (CO), 139.4 (Car-CH3), 134.4 (CaH), 132.3 (Car-CO), 52.7
(CH,), 30.0 (CHs)
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CO,H

OH
HO

CO,H

1-40 2,5-bis(hydroxymethyl)terephthalic acid

To a solution of 1-33 dimethyl 2,5-bis(bromomethyl)terephthalate (500 mg, 1.32 mmol, 1 eq) in THF (5
mL) was added 5 mL of an aqueous solution of potassium hydroxide (390 mg, 6.96 mmol, 5 eq). The
biphasic mixture was vigorously stirred at room temperature for 24 h, and then acidified with
concentrated HCl until pH 1. The resulting precipitate was filtrated and then dried under vacuum to
yield a white solid (230 mg, 77 %).

White solid; mp: degradation 308.3 °C; HRMS (ESI) [M - H]" found 225.0401, calculated 225.0405 for
[C10H906]; *H NMR (400 MHz, DMSO-ds) 6 ppm = 8.16 (s, 2 H, Ar), 4.82 (s, 4 H, CH,); 3C NMR (400 MHz,
DMSO-dg) 6 ppm =168.1 (CO), 142.1 (Ca-CH3), 131.1 (CarH), 128.5 (Car-CO), 60.7 (CH.)

CO,Me NH

S” “NH,
H,N_ S

NH CO,Me

1-34 dimethyl 2,5-bis((carbamimidoylthio)methyl)terephthalate

A suspension of 1-33 dimethyl 2,5-bis(bromomethyl)terephthalate (275 mg, 0.715 mmol, 1 eq) and
thiourea (115 mg, 1.66 mmol, 2.33 eq) in MeOH (11 mL) was stirred at room temperature for 16 h. The
solvent was evaporated, and the crude mixture was purified by column chromatography (Cis, reverse
phase, water TFA 0.05 % / MeCN TFA 0.05 % = 8:2). Evaporation of the solvent gave a white powder
(263 mg, 99 %).

White solid; mp: degradation 250.3 °C; HRMS (ESI) [M + H]* found 371.0836, calculated 371.0842 for
[C14H1sN404S;]*; *H NMR (400 MHz, DMSO-ds) & ppm =9.40 (br. d., 6 H, NH,), 8.16 (s, 2 H, Ar), 4.76 (s,
4 H, CH;), 3.91 (s, 6 H, CH3); 3C NMR (400 MHz, DMSO-d¢) 6 ppm = 169.0 (CO), 165.6 (C=NH), 136.9
(Car-CH2), 133.4 (CaH), 132.3 (Ca-CO3), 52.9 (CHs), 32.4 (CH»-S)

CO,H

SH
HS

CO,H

1-15 2,5-bis(mercaptomethyl)terephthalic acid

A solution of 1-34 dimethyl 2,5-bis((carbamimidoylthio)methyl)terephthalate (100 mg, 0.27 mmol, 1
eq) in degassed 2 M KOH (896 mg, 16 mmol, 60 eq) in MeOH/H,0 (1:1, 8 mL) was refluxed under an
inert atmosphere for 2 h. The reaction mixture was cooled in ice, and concentrated TFA (1 mL) was
added until pH 1. The methanol was evaporated, and the water phase was cooled. A white yellow
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precipitate was formed, filtered, and washed with water, yielding compound 4-8 as a white solid (40
mg, 57 %).

White solid; mp: degradation 314.1 °C; HRMS (ESI) [M + Na]* found 280.9902, calculated 280.9913 for
[C10H10Na04S2]*; *H NMR (400 MHz, MeOD) & ppm =7.93 (s, 2 H, Ar), 4.06 (s, 4 H, CH,); 3C NMR (400
MHz, MeOD) & ppm = 169.5 (CO), 144.0 (Ca-CH,), 134.4 (CaH), 133.7 (Ca-CO,H), 27.4 (CH,)

CO,H

5-%02
CO,H
1-15,

To a stirred solution of I-15 2,5-bis(mercaptomethyl)terephthalic acid (20 mg, 0.04 mmol, 1 eq) in
methanol (10 mL) was added dropwise over 5 mn [50 mM] iodine solution in MeOH until a yellow color
was persistent. A white precipitate was formed, filtered, and washed with water, yielding compound
I-15, as a white solid (12 mg, 61 %).

White solid; mp: degradation 270.1 °C; HRMS (ESI) [M - H] found 510.9630, calculated 510.9655 for
[C20H1508S4]7; *H NMR (500 MHz, D,O + NaOD) & ppm =6.96 (s, 2 H, Ar), 4.21 (d, ) = 15.6 Hz, 2 H, CH»,
AB system), 3.27 (d, J = 15.0 Hz, 2 H, CHa, AB system); 3C NMR (400 MHz, DMSO-ds) & ppm = 166.2
(COOH), 137.5 (Car-CH2), 133.9 (CarH), 130.9 (Ca-COOH), 40.8 (CH>)

COzMe

Br

CO,Me

1-35 dimethyl 2-(bromomethyl)-5-methylterephthalate

A solution of 1-32 dimethyl 2,5-dimethylterephthalate (400 mg, 1.80 mmol, 1 eq), NBS (320 mg, 1.80
mmol, 1 eq), AIBN (23 mg, 0.144 mmol, 0.08 eq) in dry DCM (6 mL) was heated at reflux until conversion
of starting material. The reaction is monitored by NMR control (approximately 16 h). After cooling, the
organic phase was washed with a solution of NaHCOs (2*10 mL) and brine (2*10 mL). The organic
phase was dried with MgSO. and evaporated to dryness. The crude mixture was purified by column
chromatography (SiO,, cyclohexane : ethyl acetate = 9:1) to give a white powder (542 mg, 92 %).

White solid; mp: 52.9 — 55.4 °C; HRMS (ESI) [M + Na]* found 322.9876, calculated 322.9889 for
[C12H13BrNa04]*; *H NMR (400 MHz, CDCl3) 6§ ppm = 8.06 - 7.97 (m, 1 H, Ar), 7.84 - 7.74 (m, 1 H, Ar),
4.95 - 4.89 (m, 2 H, CH,-Br), 3.99 - 3.89 (m, 6 H, OCHs), 2.63 - 2.55 (m, 3 H, CHs); *C NMR (400 MHz,
CDCl3) 6 ppm = 13C NMR (101MHz ,CHLOROFORM-d) Shift = 166.6 (CO), 166.4 (CO), 140.5 (Car-CHs),
136.4 (Car-CH3), 134.4 (Ca-CO), 133.6 (CaH) , 52.5 (OCHs), 52.2 (OCHs), 30.7 (CH,), 21.2 (CHs)
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CO,Me NH

CO,Me

1-36 dimethyl 2-((carbamimidoylthio)methyl)-5-methylterephthalate

A suspension of I-35 dimethyl 2-(bromomethyl)-5-methylterephthalate (510 mg, 1.69 mmol, 1 eq) and
thiourea (155 mg, 2.03 mmol, 1.20 eq) in MeOH (24 mL) was stirred at room temperature for 16 h. The
solvent was evaporated, and the crude mixture was purified by column chromatography (Cis, reverse
phase, water TFA 0.05 % / MeCN TFA 0.05 % = 8:2). Evaporation of the solvent gave a white powder
(343 mg, 68 %).

White solid; mp: 150.0 — 152.6 °C; HRMS (ESI) [M + H]* found 297.0890, calculated 397.0904 for
[C13H17N204S,]%; *H NMR (400 MHz, DMSO-ds) & ppm = 9.54 (br.s., 1 H, NH), 9.22 (br. s., 1 H, NH), 8.01
(s, 1H, Ar),7.87 (s, 1H, Ar),4.72 (s, 2 H, CH,), 3.88 (s, 3 H, OCHjs), 3.87 - 3.85 (m, 3 H, OCHs), 2.53 (s, 3
H, CHs); **C NMR (400 MHz, DMSO-ds) § ppm = 169.2 (C=NH), 166.3 (CO), 166.1 (CO), 139.4 (Ca-CH,),
134.0 (Ca-CO), 134.0 (Ca-CO), 133.0 (CaH), 132.5 (CaH), 131.6 (Ca-CH3), 52.7 (OCHs), 52.4 (OCH3), 32.5
(CH>-S), 20.5 (CHs)

CO,H
SH
CO,H

1-37 2-(mercaptomethyl)-5-methylterephthalic acid

A solution of 1-36 dimethyl 2-((carbamimidoylthio)methyl)-5-methylterephthalate (343 mg, 0.866
mmol, 1 eq) in degassed 2 M KOH (2.86 g, 51 mmol, 60 eq) in MeOH/H,0 (1:1, 24 mL) was refluxed
under an inert atmosphere for 2 h. The reaction mixture was cooled in ice, and concentrated TFA was
added until pH 1. The methanol was evaporated, and the water phase was cooled. A white yellow
precipitate was formed, filtered, and washed with water, yielding compound I-37 as a white solid (132
mg, 67 %).

White solid; mp: degradation 196.1 °C; HRMS (ESI) [M + Na]* found 249.0184, calculated 249.0192 for
[C10H10Na04S]*; *H NMR (400 MHz, MeOD) & ppm =7.90 (s, 1 H, Ar), 7.82 (s, 1 H, Ar), 4.06 (s, 2 H, CH,),
2.59 (s, 3 H, CHs); **C NMR (400 MHz, MeOD) & ppm = 170.2 (CO), 169.9 (CO), 142.7 (Ca-CH,), 139.5
(Car-CHs), 135.3 (CarH), 135.0 (CarH), 133.7 (Ca-CO2H), 133.1 (Ca-CO3H), 27.4 (CH3), 21.4 (CHs)

HO,C
_S
s CO,H

CO,H

1-37, 5,5'-(disulfanediylbis(methylene))bis(2-methylterephthalic acid)
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To a stirred solution of 1-37 2-(mercaptomethyl)-5-methylterephthalic acid (20 mg, 0.088 mmol, 1 eq)
in methanol (2 mL) was added dropwise over 5 mn [50 mM] iodine solution in MeOH until a yellow
color was persistent. A white precipitate was formed, filtered, and washed with water, yielding
compound 1-37; as a white solid (14 mg, 71 %).

White solid; mp: degradation 327.1 °C; HRMS (ESI) [M + Na]* found 473.0324, calculated 473.0335 for
[C20H18Na0sS,]*; *H NMR (400 MHz, DO + NaOD) 6§ ppm =7.27 (s, 2 H, Ar), 7.20 (s, 2 H, Ar), 3.98 (s, 4
H, CH,), 2.31 (s, 6 H, CHs); 3C NMR (400 MHz, D,O + NaOD) & ppm = 178.3 (COOH), 177.2 (COOH),
140.0 (Car), 138.7 (Car), 133.3 (Car), 132.0 (Car), 129.7 (CarH), 128.4 (CarH), 39.8 (CH,), 18.8 (CHs)

o)
S
O HO “/\(
/M"S OH O
o)

1-78 2,5-bis((3-oxobut-1-en-1-yl)thio)terephthalic acid

A mixture of thiol I-1 (100 mg, 0.435 mmol, 1 eq.), butynone (34 uL, 0.435 mmol, 1 eq.) and sodium
acetate (534 mg, 6.52 mmol, 15 eq.) in degassed THF/water (5 mL, 1:1) was stirred at room
temperature for 60 min. The reaction mixture was concentrated in vacuum. Water was added. The
aqueous mixture was acidified with concentrated HCl until pH 1. Then, the resulting solid and the
aqueous layer were extracted. The combined organic layers were washed with brine and dried over
Na,S0,, concentrated in vacuum to yield a yellow powder (124 mg, 76 %)

Yellow powder, no Mp (mixture of diastereoisomers); HRMS (ESI) [M + H]* found 367.0301, calculated
367.0305 for [C16H15065:]*; major diastereoisomer *H NMR (400 MHz, DMSO-ds) & ppm = 7.96 (s, 2 H,
Ar), 7.51 (d, J =9.8 Hz, 2 H, Hc=), 6.61 (d, J = 9.8 Hz, 2 H, Hc=c), 2.25 (s, 6 H, CH3), 3.73 - 3.66 (m, 12 H,
CH,-0, CH,-CH,-C00), 3.38 (t, J = 4.9 Hz, 4 H, CH,-N3); 3C NMR (400 MHz, DMSO-ds) & ppm = 195.1
(CO), 166.2 (COOH), 143.4 (C=C-S), 133.3 (Ca~COO0), 131.9 (Car-S) 129.0 (CaH), 122.7 (C=C-CO), 27.3

(CHs)
0 0
MS OH
HO SW
o) o)

1-79 2,5-bis(((3-oxobut-1-en-1-yl)thio)methyl)terephthalic acid

A mixture of thiol I-15 (112 mg, 0.435 mmol, 1 eq.), butynone (34 pL, 0.435 mmol, 1 eq.) and sodium
acetate (534 mg, 6.52 mmol, 15 eq.) in degassed THF/water (5 mL, 1:1) was stirred at room
temperature for 60 min. The reaction mixture was concentrated in vacuum. Water was added. The
aqueous mixture was acidified with concentrated HCl until pH 1. Then, the resulting solid and the
aqueous layer were extracted. The combined organic layers were washed with brine and dried over
Na,S0,, concentrated in vacuum to yield a yellow powder (64 mg, 40 %)

White powder, no Mp (mixture of diastereoisomers 81 / 19 %); HRMS (ESI) [M + Na]* found 417.0436,
calculated 417.0437 for [C1sH1sNaOeS,]*; major diastereoisomer *H NMR (400 MHz, DMSO-d¢) 6 ppm =
8.00 (s, 2 H, Ar), 7.48 (d, J = 9.8 Hz, 2 H, Hc=c), 6.34 (d, J = 9.8 Hz, 2 H, Hc=c), 4.37 (s, 4 H, CH,), 2.08 (s, 6
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H, CHs); 3C NMR (400 MHz, DMSO-ds) 6 ppm = 196.0 (CO), 167.5 (COOH), 149.2 (Ca-C), 139.3 (Car
COOH), 133.0 (C=C-CO), 132.7 (CaH), 120.4 (C=C-CO), 37.6 (CHz), 29.8 (CHs)

o}
\i/ O
S
X OH

HO

S O
O )\/U\
O S
HO
OH
SH O

2-(((2)-1-((2,5-dicarboxy-4-(((Z)-3-oxobut-1-en-1-yl)thio)phenyl)thio)-3-oxobut-1-en-1-yl)thio)-5-
mercaptoterephthalic acid

A mixture of 1-78 2,5-bis((3-oxobut-1-en-1-yl)thio)terephthalic acid (10 mg, 0.027 mmol, 1 eq), I-1 (7.8
mg, 0.055 mmol, 2 eq), FeCl; (0.89 mg, 0.055 mmol, 2 eq) in degassed DMSO (1 mL) was stirred at 60
°C during 48 h. Then, 0.1 M HCl (10 mL) was added. The resulting precipitate was filtrated and
evaporated under vacuum. The crude product was analysed by *H NMR and mass spectrometry.

HRMS (ESI) [M - H] found 592.9711, calculated 592.9710 for [C24H17NO10S4]

OH
0 HO_O SH
OH S s °
o s S)j/\ OH
HS © 6" >oH o

OH

5,5'-(((17,1'2)-((2,5-dicarboxy-1,4-phenylene)bis(sulfanediyl))bis(3-oxobut-1-ene-1,1-
diyl))bis(sulfanediyl))bis(2-mercaptoterephthalic acid)

A mixture of 1-78 2,5-bis((3-oxobut-1-en-1-yl)thio)terephthalic acid (10 mg, 0.027 mmol, 1 eq), I-1 (7.8
mg, 0.055 mmol, 2 eq), FeCl; (0.89 mg, 0.055 mmol, 2 eq) in degassed DMSO (1 mL) was stirred at 60
°C during 48 h. Then, 0.1 M HCI (10 mL) was added. The resulting precipitate was filtrated and
evaporated under vacuum. The crude product was analysed by *H NMR and mass spectrometry.

HRMS (ESI) [M - H] found 820.9235, calculated 920.9261 for [C3,H21014S6]

W

Cyclopentadiene

Cyclopentadiene was obtained by distillation of dicyclopentadiene. A boiler was charged with
dicyclopentadiene and fitted with a condenser tube. The product was stirred and heated to 165°C.
Cyclopentadiene (Te, = 40°C) was obtained in a refrigerated Erlenmeyer and then directly used
(inflammable product, avoid storage and heat source).
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Ebullition point observed 40°C at 1 atm.; *H NMR (300 MHz, CDCl3) 6 ppm = 6.64 (dd, J = 1.6, 5.0 Hz, 2
H, C=CH=CH=C), 6.52 (dd, J=1.7, 5.1 Hz, 2 H, =CH-CH,-CH=), 3.04 (t, ] = 1.7 Hz, 2 H, CH;); *C NMR (300
MHz, CDCls) & ppm = 133.1 (C=C=C=C), 132.2 (C=C=C=C), 41.5 (CH.)

H /
0 N\/\N\
o,
5802
CO,H
1-82

To a solution of 1-15; (10 mg, 0.0039 mmol, 1 eq) with HCTU (64 mg, 0.016 mmol, 6 eq) in DMF (1 mL)
was added N,N-dimethylethylenediamine 1-89 (46 L, 0.039 mmol, 10 eq) and the mixture was stirred

for 24 hours at room temperature under N,. The coupling products were purified by semi-preparative
HPLC (method PREP; 16 %) to give a white solid.

HRMS (ESI) [M + H] found 583.0671, calculated 583.0696 for [C24H27N207S4]*

To a solution of 1-15; (10 mg, 0.0039 mmol, 1 eq) with HCTU (64 mg, 0.016 mmol, 6 eq) in DMF (1 mL)
was added N,N-dimethylethylenediamine 1-89 (46 L, 0.039 mmol, 10 eq) and the mixture was stirred

for 24 hours at room temperature under N,. The coupling products were purified by semi-preparative
HPLC (method PREP; 36 %) to give a white solid.

HRMS (ESI) [M + H] found 653.1568, calculated 653.1590 for [CasH37N406Sa]*
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To a solution of 1-15; (10 mg, 0.0039 mmol, 1 eq) with HCTU (64 mg, 0.016 mmol, 6 eq) in DMF (1 mL)
was added N,N-dimethylethylenediamine 1-89 (46 pL, 0.039 mmol, 10 eq) and the mixture was stirred

for 24 hours at room temperature under N,. The coupling products were purified by semi-preparative
HPLC (method PREP; 44 %) to give a white solid.

HRMS (ESI) [M + H] found 723.2425, calculated 723.24851590 for [C32H47Ng0sS4]*

H
0-__N o
~"07 """ NHBoc

To a solution of 1-15; (1.0 mg, 0.00195 mmol, 1 eq) with HCTU (8 mg, 0.0195 mmol, 10 eq) in DMF (0.8
mL) was added tert-butyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (5 mg, 0.0195 mmol, 10 eq)

and the mixture was stirred for 24 hours at room temperature under N,. The crude product was
analysed by mass spectrometry.

HRMS (ESI) [M + H]* found 743.1431, calculated 743.1431 for [C31H33N,01154]"

0

o

1-94 1,4,4a,8a-tetrahydro-1,4-methanonaphthalene-5,8-dione

p-benzoquinone 1-93 (36 g, 0.33 mol) was dissolved in 500 mL of MeOH. The mixture was cooled down
to -78 °C and freshly distilled cyclopentadiene (28 mL, 0.33 mol) was added. The reaction mixture was
stirred at room temperature for 2h. The solvent was removed under vacuum and the resulting solid
was recrystallised in hexane if necessary, to give a brown powder (57,8 g, 99 %).
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Brown powder, mp: 63,4 — 65,8 °C; HRMS (ESI) [M + Na]* found 197.0572, calculated 197.0573 for
[C11H1:Na0,]*; *H NMR (400 MHz, CDCl3) & ppm = 6.46 (s, 2 H, =CH-CQ), 5.97 - 5.92 (m, 2 H, CH=CH),
3.44 -3.40 (m, 2 H, CH-CO), 3.14 - 3.11 (m, 2 H, CH-CH=CH), 1.45-1.39(m, 1 H, CH;), 1.36-1.31 (m, 1
H, CH,); 3C NMR (400 MHz, CDCls) 6 ppm = 199.1 (CO), 141.7(=CH-CO), 135.0 (CH-CH=CH), 48.4 (CH-
CO), 48.4 (CH-CH=CH), 48.0 (CH>)

o

1-95 (1R,4S)-1,4-dihydro-1,4-methanonaphthalene-5,8-dione

To 240 mL of methanol was added 1-94 1,4,4a,8a-tetrahydro-1,4-methanonaphthalene-5,8-dione (38
g, 216 mmol, 1 eq). The resulting solution was cooled down to 10°C and triethylamine (0.38 mL, 2.72
mmol, 0.013 eq) was added. The reaction mixture was stirred for 5 h at 10°C then was enabled to warm
up to room temperature and was stirred for further 15 h. The solvent was removed under vacuum to
give the corresponding hydroquinone form, which was suspended in p-benzoquinone (25.9 g, 238
mmol, 1.1 eq) in 590 mL of chloroform. The stirred suspension was heated firstly at 50°C for 4h, then
at 40°C for one more hour. The reaction mixture was cooled down to room temperature. The
hydroquinone precipitate was filtered off and washed with 30 mL of chloroform. The combined
chloroform layers were washed with a 1% aqueous solution of NaOH, and then dried over MgSQO,. The
solvent was removed under vacuum to give a yellow oil (36 g, 87 %).

Yellow powder, mp : 62.6 — 64.1; HRMS (ESI) [M + H]* found 173.0599, calculated 173.0597 for
[C12H90:]*; *H NMR (400 MHz, CDCls) & ppm = 6.80 (t, J = 1.8 Hz, 2 H, =CH-CH), 6.52 (s, 2 H, =CH-CO),
4.04 (t,J=13Hz,2H,CH),2.30-2.24 (m,J=1.5,1.5,7.2 Hz, 1 H, CH;), 2.23-2.19(m, J=1.5,1.5, 7.2
Hz, 1 H, CH,); 3C NMR (400 MHz, CDCls) & ppm = 183.5 (CO), 160.2 (Cy=Cy), 142.1 (CH-Cyy=Cy-CH),
135.3 (CO-Cy=Cy-CO), 73.4 (CH3), 47.9 (CH)

o)

1-96 (1R,4S,5R,8S)-1,4,4a,5,8,9a-hexahydro-1,4:5,8-dimethanoanthracene-9,10-dione

A solution of 1-95 (1R,4S)-1,4-dihydro-1,4-methanonaphthalene-5,8-dione (37 g, 0, 189 mmol, 1 eq) in
MeOH (280 mL) was maintained at -78°C and freshly distilled cyclopentadiene (16 mL, 189 mmol, 1 eq)
was added at once. The stirred orange solution was enabled to warm up overnight. The solvent was
removed under vacuum and the resulting yellow solid was recrystallised in ethanol, and then purified
by column chromatography (SiO,, pentane : ethyl acetate = 8:2) to give a yellow powder (21,109 g, 44
%). The diastereoisomeric mixture was separated into pure diasterecisomers through semi-
preparative chiral HPLC?® (Lux-Amylose-2 (250 x 10 mm), hexane : EtOH 80 : 20) (10,55 g * 2,2 * 22 %).
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Yellow powder, mp : 152.8 — 155.3; HRMS (ESI) [M + H]* found 261.0890, calculated 261.0886 for
[Ci6H14sNaO2]*; *H NMR (400 MHz, CDCls) 8 ppm = 6.77 (t, J = 2.0 Hz, 2 H, HC=CH, opposite side of the
central double bond), 6.04 - 5.98 (m, 2 H, HC=CH, side of the central double bond), 3.92 (t, ] = 2.0 Hz,
2 H, =CH-CH, opposite side of the central double bond), 3.51 - 3.31 (m, 2 H, =CH-CH, side of the central
double bond), 3.15 (t, J = 2.2 Hz, 2 H, CH-CH), 2.18 (td, J = 1.5, 7.1 Hz, 1 H, CH,, side of the central
double bond), 2.03 (td, J = 1.5, 7.1 Hz, 1 H, CH,, side of the central double bond), 1.53 (td, J = 1.7, 8.6
Hz, 1 H, CH,, opposite side to the central double bond), 1.41 (td, J = 1.7, 8.6 Hz, 1 H, CH,, opposite side
of the central double bond); 3C NMR (400 MHz, CDCl3) § ppm = 195.2 (CO), 166.7 (Cv=Cy), 142.2 (CH-
Cu=Cy-CH), 134.6 (CO-C;=C;-C0O), 73.5 (CH3), 51.0 (CH-CO), 49.3 (CH-CO), 48.6 (CH), 48.2 (CH)

e

(]

1-97 (1R,4S,5S,8R)-1,4,43a,5,8,9a-hexahydro-1,4:5,8-dimethanoanthracene-9,10-dione

A solution of 1-95 (1R,4S)-1,4-dihydro-1,4-methanonaphthalene-5,8-dione (37 g, 0, 189 mmol, 1 eq) in
MeOH (280 mL) was maintained at -78°C and freshly distilled cyclopentadiene (16 mL, 189 mmol, 1 eq)
was added at once. The stirred orange solution was enabled to warm up overnight. The solvent was
removed under vacuum and the resulting yellow solid was purified by column chromatography (SiO,,
pentane : ethyl acetate = 8:2) to give a yellow powder (21,109 g, 44 %). The diastereoisomeric mixture
was separated into pure diastereoisomers through semi-preparative chiral HPLC?! (Lux-Amylose-2 (250
x 10 mm), hexane : ethanol 80 : 20) (10,55g * 2,2 * 22 %).

Yellow powder, mp : 148.3 — 150.1; HRMS (ESI) [M + H]* found 261.0890, calculated 261.0886 for
[Ci6H14sNaO2]*; *H NMR (400 MHz, CDCls) 6 ppm = 6.76 (t, J = 1.7 Hz, 2 H, HC=CH, opposite side of the
central double bond), 5.77 (t, J = 1.8 Hz, 2 H, HC=CH, side of the central double bond), 3.96 (t,J = 1.5
Hz, 2 H, =CH-CH, opposite side of the central double bond), 3.51 - 3.38 (m, 2 H, =CH-CH, side of the
central double bond), 3.29 - 3.16 (m, 2 H, CH-CH), 2.20 (td, J=1.5, 7.3 Hz, 1 H), 2.12 (td, J = 1.5, 7.3 Hz,
1H),1.47 (td, ) = 1.8, 8.3 Hz, 1 H, CH,, opposite side to the central double bond), 1.39 (td, J = 1.8, 8.6
Hz, 1 H, CH,, opposite side of the central double bond); **C NMR (400 MHz, CDCls) § ppm = 195.6 (CO),
166.9 (Cv=Cyv), 142.7 (CH-Cy=Cy-CH), 134.5 (CO-C;=C;-CO), 72.4 (CH), 50.6 (CH-CO), 48.8 (CH-CO),
48.4 (CH), 48.3 (CH)
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1-98 0,0'-((1R,4S,5R,85)-1,4,5,8-tetrahydro-1,4:5,8-dimethanoanthracene-9,10-diyl)
bis(dimethylcarbamothioate)

To a solution of 1-96 (1R,4S,5R,8S)-1,4,4a,5,8,9a-hexahydro-1,4:5,8-dimethanoanthracene-9,10-dione
(3,400 g, 14.3 mmol, 1 eq) and NaH (1,06 g, 42.1 mmol, 4 eq) in DMF (30 mL) was added at 0°C
dimethylthiocarbamoyl chloride (7.023 g, 42.1 mmol, 4 eq) in 13 mL of dry DMA. The mixture was
stirred at room temperature for 24 h. The precipitate was then filtrated and washed extensively with
water. Drying of the resulting solid gave a brown powder (5.843 g, 99 %).

Brown powder, mp: degradation, 260.1 °C; HRMS (ESI) [M + H]* found 413.1351, calculated 413.1352
for [C22H25N20,S,]%; *H NMR (400 MHz, CDCl3) § ppm = 6.78 (t, J = 1.5 Hz, 4 H, HC=CH), 3.82 (t,J = 1.7
Hz, 4 H, CH), 3.49 (s, 6 H, CHs), 3.38 (s, 6 H, CH3), 2.33 (td, J = 1.6, 6.8 Hz, 2 H, CH,), 2.21 (td, J = 1.5, 7.1
Hz, 2 H, CH,); 3C NMR (400 MHz, CDCl3) § ppm = 187.6 (CS), 142.7 (HC=CH), 140.6 (Ca-0), 69.5 (CH,),
47.5 (CH), 43.2 (CHs), 38.5 (CHs)

PN

1-99 0,0'-((1R,4S,5S,8R)-1,4,5,8-tetrahydro-1,4:5,8-dimethanoanthracene-9,10-diyl)
bis(dimethylcarbamothioate)

To a solution of 1-97 (1R,4S,5S,8R)-1,4,4a,5,8,9a-hexahydro-1,4:5,8-dimethanoanthracene-9,10-dione
(4,50 g, 18.9 mmol, 1 eq) and NaH (1,822 g, 75.9 mmol, 4 eq) in DMF (39 mL) was added at 0°C
dimethylthiocarbamoyl chloride (9.34 g, 75.9 mmol, 4 eq) in 16 mL of dry DMA. The mixture was stirred
at room temperature for 24 h. The precipitate was then filtrated and washed extensively with water.
Drying of the resulting solid gave a brown powder (7.78 g, 98 %).

Brown powder, mp: degradation, 273.4 °C; HRMS (ESI) [M + H]* found 413.1351, calculated 413.1352
for [CazH2sN20:S2]*; *H NMR (400 MHz, CDCls) § ppm = 1H NMR (400MHz ,CHLOROFORM-d) Shift =
6.94 - 6.76 (m, 4 H, HC=CH), 3.88 - 3.77 (m, 4 H, CH), 3.52 (s, 6 H, CHs), 3.38 (s, 6 H, CHs), 2.29 (td, J =
1.6, 6.8 Hz, 2 H, CH,), 2.19 (td, ) = 1.7, 7.1 Hz, 2 H, CH3); *C NMR (400 MHz, CDCl3) § ppm = 187.7 (CS),
140.6 (HC=CH), 69.4 (CH,), 47.5 (CH), 43.3 (CH3), 38.5 (CH3)

N

110



1-100 S,S'-((1R,4S,5R,8S)-1,4,5,8-tetrahydro-1,4:5,8-dimethanoanthracene-9,10-diyl)
bis(dimethylcarbamothioate)

A solution of 1-98 0,0'-((1R,4S,5R,8S)-1,4,5,8-tetrahydro-1,4:5,8-dimethanoanthracene-9,10-diyl)
b